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ABSTRACT
THE BIOACCUMULATION OF CYANOTOXINS IN AQUATIC FOOD WEBS
By
Amanda Murby McQuaid
University of New Hampshire
Cyanobacteria are naturally occurring photosynthetic bacteria, ubiquitous in
nature. Increases in temperature and nutrients have supported the proliferation of
cyanobacterial growth globally, especially in freshwater systems. Many taxa can produce
biotoxins referred to as “cyanotoxins”. While toxic cyanobacteria are a growing public
health concern, little is known about the accumulation of cyanotoxins in lake food webs.
This research investigates the seasonal occurrence and the potential role of toxic
cyanobacteria in two lakes of contrasting water qualities and food web structures.
Objectives of this study were to test the bioaccumulation of microcystins (MCs) and betamethyl-alanine-amino acid (BMAA) in zooplankton. I further assessed the major
zooplankton and phytoplankton communities using stable isotopes of carbon and
nitrogen, with focus on the importance of zooplankton consumer types and diet sizes;
picoplankton, nanoplankton and net plankton. The bioaccumulation of cyanotoxins in
zooplankton were dependent on the trophic levels and feeding behaviors of the
zooplankton, which vary by species, seasons and lakes. Cyanotoxin transfer was also
dependent on the presence and composition of toxic cyanobacteria, including
picocyanobacteria. Understanding the transfer of cyanotoxins to the zooplankton
community have significant implications in determining the pathways and the
bioaccumulation of cyanotoxins to higher trophic levels such as fish, wildlife and humans.

xv

Chapter 1:
Seasonal Succession of Cyanobacteria and the Bioaccumulation of
Cyanotoxins in Lake Zooplankton
Abstract
Toxic cyanobacteria are a natural component of many lake systems and are integral in
aquatic food webs. However, the transfer of cyanotoxins to higher trophic organisms is
not well understood. Seasonal cyanobacteria abundances and the bioaccumulation of
microcystins (MCs) and beta-methyl-alanine amino acid (BMAA) were examined to model
the transfer of cyanotoxins within changing lake food webs. Hypotheses were that
cyanotoxin accumulation rates would differ between MCs and BMAA, and toxin
concentrations would be higher in the eutrophic system. MC was a focus in this study in
tracking the zooplankton taxa-specific bioaccumulation rates. I predicted that MC
bioaccumulation rates would vary by zooplankton taxa and season, increasing during
times of year when nutrients and productivity were highest. Two lakes of contrasting
trophic status and water quality were sampled seasonally. Phytoplankton (including
cyanobacteria) and zooplankton were identified and cyanotoxin concentrations were
measured in the major groups of the lake planktonic food webs. Phytoplankton were
separated into three size categories defined as picoplankton (0.2-2.0 m), nanoplankton
(2.0-50 m) and net phytoplankton (>50 m). Comparisons were made of the MCs and
BMAA in the net phytoplankton and net zooplankton communities over four seasons.
Dominant macro-zooplankton (>50 m) taxa were isolated for analyses of weight-specific
microcystins. MC-accumulation in specific zooplankton taxa varied and a range of
bioaccumulation rates were determined, representing biodilution and biomagnification as
ratios for Biomagnification (BMF) ranged from less than one to greater than 3X. Models
were developed to describe the potential transfer and accumulation of hepatotoxic
microcystins within simplified planktonic food webs. The cyanotoxin accumulation rate
was dependent on the toxicity and edibility of the cyanobacteria, as well as the feeding
behavior of the zooplankton. For example, Bosmina longirostris biomagnified
microcystins up to 3X in both lakes during springtime. Determining cyanotoxicity of entire
zooplankton communities is a coarse analytical approach for analyzing bioaccumulation
at the base of aquatic food webs, as individual zooplankton taxa have different rates of
cyanotoxin-accumulation that are dependent on their feeding behavior.

1

INTRODUCTION
Cyanobacteria are photosynthetic bacteria that have been naturally occurring for
over 3.5 billion years and are amongst the most ubiquitous organisms on Earth (Hudnell
2008). These photosynthetic organisms have evolved many specialized adaptations
and are often capable of outcompeting other phytoplankton communities (Pearl and
Otten 2013; Chorus and Bartram 1999; Carmichael 1992). Cyanobacteria occupy
several niches in the water column, dependent on their individual growth requirements
and ability to adapt to changing conditions, representing their vast diversity within a
single body of water. The cyanobacteria have many competitive advantages over other
phytoplankton. Some cyanobacteria have the ability to fix nitrogen from the water and
atmosphere, while some use gas vesicles to regulate buoyancy (Walsby 1972; Fogg
and Walsby 1991; Walsby et al. 1997). Other species have mucilaginous protective
properties, while some use a unique gliding motility allowing the cyanobacteria to move
and form colonies at various depths. There are also species that have the ability to form
benthic mats, attaching to substrates of lakes (Hudnell 2008). In addition, many taxa
can occupy depths with low light and are able to adjust to the changing conditions of the
water, such as temperature and light availability, seasonally. Surface scums may form
when colonial cyanobacteria rise through the water column, getting caught in the
surface tension. Following a cyanobacteria bloom, surface accumulations are dispersed
by weather, wind, currents, and natural degradation (Makarewicz et al. 2009).

2

Toxic Cyanobacteria
Cyanobacteria can also produce a broad array of cyanotoxins (Codd and Poon
1988; Backer 2002; Pearl and Otten 2013) (Table 1). Cyanobacteria are a public health
concern as many species produce toxic compounds (cyanotoxins) including
dermatoxins (dermal/integument), neurotoxins (nerve/neural), and hepatotoxins
(liver/pancreas/digestive) (Watanabe et al. 1996, Carmichael 1992; Azevedo et al.
2002; Codd et al. 2005; Pearl and Otten 2013) (Table 2-3). Toxic cyanobacterial blooms
have been implicated in the poisoning of farm animals, wildlife and humans, first
reported in 1878 by George Francis to cause the death of livestock in Lake Alexandria,
Australia, and described as “green oil paint” and “thick and scum-like” (Codd et al.
2015). Cyanobacteria vary in structure and function and many taxa are known to
produce toxins worldwide, with concentrations varying between species and
environments (Table 3). It is also noteworthy that not all cyanobacteria produce the
same cyanotoxins (Vezie et al. 2002; Lyck et al. 2004). While some cyanobacteria are
known to produce more than one type of toxin. There is little understanding of how
cyanotoxins interact and their potential synergistic effects (Pearl and Otten 2013, Table
3).
Microcystins (MCs) are amongst the most toxic cyanotoxins, classified as
hepatotoxins (or liver toxins) that cause a range of symptoms in animals and produced
by many of the cyanobacteria (Table 2). MCs are the most commonly reported
cyanotoxins worldwide in both freshwater and marine systems. The indirect transfer of
microcystins from cyanobacteria to a secondary consumer can occur (Smith and Haney
3

2006; Sotton et al. 2014). Organisms may be exposed to MC via the direct or indirect
consumption of toxic cyanobacteria as aquatic organisms can be exposed to
microcystins by consumption of toxic cyanobacteria and through aquatic organisms that
had previously accumulated MCs in their tissues such as zooplankton (Hathaway 2001;
Travers et al. 2012; Li et al., 2004; Xie et al. 2004). The accumulation of MCs through
aquatic organisms that had previously accumulated MC in their tissues has been
proposed. MCs have been found to accumulate in zooplankton (Watanabe et al. 1992;
Thostrup and Christoffersen 1999); freshwater mussels (Poste and Ozersky 2013;
Hathaway 2001; Travers et al. 2012, Eriksson et al. 1989; Amorim and Vasconcelos
1999), crayfish (Liras et al. 1998; Vasconcelos et al. 2001), mammals and birds (Foxall
and Sasner 1981, Xu et al. 2000) and marine and freshwater fish species (Vasconcelos
1999; Magalhaes et al. 2003; Ibelings et al. 2005; Andersen et al. 1993). Foxall and
Sasner (1981) found hepatocyte degradation and fatal liver hemorrhaging in mouse liver
studies, while Zimba et al. (2001) also found these effects on fish species.
The effects from microcystins are generally considered chronic as they are not
fast acting as some of the other known cyanotoxins produced (Chorus and Bartram
1999). Hepatotoxins are often harmful to the liver, kidney, spleen, and pancreas
(Stewart et al. 2006; Sivonen and Jones, 1999; Watanabe 1994, 1996; WHO 1999,
2006; Chorus 2001; Hudnell 2008; Foxall and Sasner 1981; Sasner et al. 1994; Zhang
et al., 2009, Baker et al. 2013; Gilroy et al. 2000), although they may also cause
damage to the heart, lungs, brain and reproductive systems of mammals (Mclellan and
Manderville 2017). Microcystins are similar in molecular structure to nodularins (marine
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origin; Nodularia), that inhibits protein-phosphate activity in mammals and can also bioaccumulate in the liver (Pearl and Otten 2013; Watanabe et al. 1992, Metcalf et al.
2001). Both microcystins and nodularins accumulate in the liver or hepatopancreas of
invertebrates, causing inhibition by binding to a nucleophilic site on protein
phosphatases PP1 and PP2A resulting in inhibition of these proteins (Robinson et al.
1991; MacKintosh et al. 1995; Craig et al. 1996). The cyclic, stable structure of MCs
makes them difficult to break down as they accumulate in the liver. Hepatocyte
degradation and fatal liver hemorrhaging are common symptoms (Zimba et al. 2001;
MacKintosh et al., 1995; Craig et al., 1996; Foxall and Sasner 1981, Sasner et al.
1994). Acute poisoning by hepatotoxins may lead to death due to hemorrhaging while
chronic poisoning could result in tumor growth (Azevedo et al., 2002; Jochimsen et al.
1998). There are a wide range of symptoms caused by the microcystins (from
stomachache to death), with over 100 known variants of differing toxicity (Pearl and
Otten 2013; Hudnell 2008; Chorus 2001; Carmichael et al. 2001; Jochimsen et al. 1998;
Funari and Testai 2008). The LD50 values of the MC-variants tested on mice vary from
50 to >1200 g kg-1 (Jochimsen et al. 1998; Codd 2005) (Table 4).
There are hundreds of cyanotoxins beyond microcystins and each of the
cyanotoxins act differently. While much of the focus has been on MCs, beta-methylalanine amino acid (BMAA) is an emerging concern amongst studies on toxic
cyanobacteria. BMAA testing was not a major focus of this study, though preliminary
insight into the bioaccumulation of BMAA in food webs suggests this compound may
biomagnify, affecting tertiary protein structures of animals by replacing important amino
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acids such as serine (Dunlop et al. 2013). Evolving hypotheses have also linked some
cyanotoxins such as BMAA to neurotoxicity and possible neurodegenerative diseases
(Banack et al. 2015; Brand et al. 2010; Bradley and Mash 2009; Cox et al. 2003, 2005).
Bottom-Up Regulating Factors
Cyanobacteria abundance and cyanotoxin concentrations are often positively
correlated, and it is generally accepted that cyanobacteria blooms have increased
toxicity with increased cell concentrations (Backer et al. 2009; Hudnell 2008). However,
the production of MCs in lakes can be highly variable, both temporally and spatially. As
cyanobacteria are diverse, numerous and ubiquitous it is important to identify the types
of toxigenic cyanobacteria and the conditions under which they produce toxins.
Important environmental and nutritional factors that trigger cyanobacteria growth and
cyanotoxin synthesis include increases in temperature and nutrients (Pearl and Otten
2013; Hudnell 2008; Sivonen and Jones 1999, Rapala and Sivonen 1997; WHO 2006).
Production of cyanotoxins can also be regulated by micro-nutrient concentrations, light
availability, pH, and oxygen (Chorus 2001; Hudnell 2008). Microcystin production has
been correlated with environmental stimuli such as light, pH and nutrients, although
conflicting results have been reported (Dittmann et al. 2001; Nobel et al. 1998; Utkilen
and Gjølme, 1992,1995). The production and synergistic effects are debated by several
laboratory experiments and field studies with contradictory results on the level of
nutrients that inhibit, or support growth and toxin production are often not consistent
(Sevilla et al. 2008; Kurmayer et al. 2002; Sivonen and Jones 1999; Tsuji et al. 1994).
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Synthesis of microcystins has been correlated with increased cell growth rate
and biovolume driven by available nutrients. Varying results have been noted from
studies testing phosphorus and nitrogen effects on cyanobacteria growth and MC
production (Dolman et al. 2012; Vezie et al. 2002; Haney and Ikawa, 2000; Song et al.
1998; Sivonen 1990), either indicating that a single factor, such as phosphorus is
correlative with MC production or that combinations of factors (i.e. N+ P + light+ temp +
lake (z)-depth) are more probable (Pearl and Otten 2013; Hudnell 2008; Jiang et al.
2008; Chorus 2001; Haney and Ikawa 2000; Watanabe 1992; Codd and Poon 1988).
Nitrogen and phosphorus are important macronutrients in freshwater environments and
are noted to be leading influences on the production of MCs in lakes. While phosphorus
is typically the limiting nutrient attributed to phytoplankton growth in lakes, nitrogen has
been well correlated with the abundance of cyanobacteria (Rolland et al. 2005; Downing
et al. 2001; Smith 1983). For example, cell growth rate and rate of MC production with
Microcystis aeruginosa were positively correlated with phosphorus in a P-limited culture
(Oh et al. 2000), while a similarly positive relationship was observed with MC production
and cell growth with nitrogen under N-limited conditions (Long et al. 2001).
Nutrient ratios were predictors of specific cyanobacteria taxa and associated
cyanotoxicity in a study of over 100 northern German lakes with chlorophyll
concentrations ranging from 1-193 g L-1 (median 28.7 g L-1) (Dolman et al. 2012).
Overall, the relationship of TN and TP were positively correlated with cyanobacteria
biovolume, and consequently cyanotoxin production (Pearl and Otten 2013; Haney and
Ikawa 2000). However, while TN, cyanobacteria biovolumes and cyanotoxicity
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increased over the range of TN, a plateau was observed with trends of TP reaching a
threshold of 50 g L-1 (Dolman et al. 2012). Dolman emphasized the importance of
considering the various species capable of producing a variety of toxins. Cyanotoxin
production can vary across genera and families of cyanobacteria, and variations in toxin
production can be species-specific. Nine cyanobacteria taxa, Anabaena, A.
issatschenkoi, P. agardhii, Anabaenopsis, Microcystis and A. flos-aquae responded
positively in biovolume and toxicity to decreasing N:P ratios, while Cylindrospermopsis
raciborski developed its highest biovolumes and toxicity in nitrogen enriched
environments (Dolman et al. 2012).
The synthesis of microcystins has also been linked to genetic regulations. Tillett
(2000) identified and sequenced the mcy operon, a gene cluster responsible for MC
synthesis in M. aeruginosa (PCC7806). The mcy gene operon is a 55kb sequence with
microcystin encoding genes expressed as mcyA-J and referred to as MC synthetase
(polyketide synthase/ non ribosomal peptide synthetase). Though cyanobacteria with
the mcy gene can produce microcystins, the gene is not always expressed. For
example, two Planktothrix spp. were analyzed for gene expression of the mcy operon;
P. rubescence always expressed mcyA, but P. agardhii only sometimes expressed
microcystin toxicity, regardless of whether the mcy genes were present (Kurmayer et al.
2002). Horizontal gene transfer has been investigated to determine why distantly related
cyanobacteria genera produce microcystins (Tillett et al. 2001). Tillett produced PCRprimers for the N-methyltransferase (NMT) of microcystin synthetase gene, mcyA, to
test 37 cultures of Microcystis sp. The NMT region was present in 18 strains that tested
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positive in the protein phosphatase inhibition assay for microcystin and was absent in
17 nontoxic strains (Tillett et al. 2001). To test this further, Rantala et al. (2004), sought
to find if microcystin synthetase genes were present in the last common ancestors of
certain cyanobacteria and determined that the sporadic distribution of the genes could
be lost in some derived lineages, while some strains are “non-toxic” but still capable of
retaining the gene. From this, it was suggested that microcystins (and possibly other
cyanotoxins as well), have existed for at least 1-2 million years in cyanobacteria and
that those non-toxic strains have lost the ability to express the microcystin synthetase
genes over time. Genetic evidence on the recent evolution of microcystin gene cluster
also supports the hypothesis that nodularins (marine-hepatotoxin) evolved from MCs
(Rantala et al. 2004). Interestingly, the Fur (ferric uptake regulator) homologue found in
toxic cyanobacteria recognizes and binds promoter regions of the mcy gene cluster
(Martin-Luna et al. 2006). Fur is a DNA-binding protein that controls many mechanisms
of iron metabolism in bacteria, also contributing to functions not related to iron
metabolism such as chemotaxis, defense against oxygen radicals, bioluminescence,
swarming, and toxin production (Escolar et al. 1999; Wang et al. 2010). Fur regulates
peptide synthetase systems that aid in synthesis of siderophores, similar to enzymes
involved in the synthesis of microcystins (Sevilla et al. 2008). These findings suggest
that Fur and iron availability are key factors regulating microcystin synthesis. The
bottom-up factors supporting cyanobacteria growth and regulating toxin production are
variable and complex.
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Top-Down Regulating Factors
Top-down effects may also control cyanobacteria abundances (Lampert 1987;
Haney 1987; Burns 1987; Berry 2013; Horppila et al. 2000). The presence of fish and
their feeding behavior cause cascading influences on an entire aquatic food web,
regulating the size of the zooplankton, and ultimately the composition of phytoplankton
and cyanobacteria. Typical food web diagrams outline the flow of energy and the control
of trophic structure by predators (Figure 1). These diagrams have also been used to
model bioaccumulations of toxins in the environment such as Mercury and
Nonylphenols (Abeysinghe et al. 2017; Korsman et al. 2015). However, such models do
not account for the variation in toxin accumulation that may occur at each trophic level
or delineate the intricate differences in food web structures amongst the zooplankton.
The size efficiency hypothesis outlines the general effects of predation on
zooplankton by higher trophic levels (Brooks and Dodson 1965, Figure 2). Larger
zooplankton may be consumed by planktivorous fish causing a higher abundance of
small zooplankton. When predatory fishes reduce the planktivorous fish population,
zooplankton populations become larger-sized. The zooplankton are also affecting the
composition of other zooplankton and phytoplankton, dependent on their feeding
behavior. Some zooplankton are size-selective grazers, perhaps able to consume a
range of sizes, also dependent on their feeding behavior. Thus, the size and
composition of both zooplankton and phytoplankton populations may be driven by topdown factors as described through the size-efficiency hypothesis by Brooks and Dodson
(1965). The presence of top predators may influence the body-size of zooplankton and
10

the body sizes of zooplankton may predict the trophic structure of top-predators such as
fishes (Figure 2). These relationships significantly alter the composition of the plankton
and primary producers, including cyanobacteria.
Implications for the Bioaccumulation of Cyanotoxins in Aquatic Food Webs
Although much is known about the toxicity of bloom forming cyanobacteria little is
known about the movement of cyanotoxins through the aquatic food web and how
toxins bioaccumulate at higher trophic levels. There is evidence that cyanobacteria are
consumed by zooplankton and fish and that cyanotoxins such as microcystins may be
transferred to other organisms through the aquatic food web (Zamora-Barrios et al.
2019; Sotton et al. 2014; Ibeleings 2005; Kozlowsky-Suzuki 2013). MCs are known to
potentially accumulate in zooplankton (Watanabe et al. 1992; Thostrup and
Christoffersen 1999), freshwater mussels (Hathaway 2001; Eriksson et al. 1989),
crayfish (Liras et al. 1998; Vasconcelos et al. 2001; Hathaway 2001), marine organisms
(Andersen et al. 1993), and various fish (Vasconcelos 1999; Magalhaes et al. 2003;
Ibelings et al. 2005). Aquatic organisms can be exposed to microcystins by
consumption of toxic cyanobacteria and through aquatic organisms that had previously
accumulated MCs in their tissues such as zooplankton (Li et al. 2004; Xie et al. 2004).
Transfer of microcystins from cyanobacteria to the tissue of primary consumers, such as
herbivorous zooplankton, invertebrates, and herbivorous fish may involve direct
interactions (Eriksson et al. 1989; Zhang et al. 2009), although indirect transfers of
microcystins from cyanobacteria to secondary consumers such as invertebrate
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predators or planktivorous fish can also occur (Smith and Haney 2006; Sotton et al.
2014).
Goals of this Study
The overall goal of this study was to evaluate cyanobacteria in lakes of
contrasting trophic conditions and food webs to better understand the role of the
cyanobacteria toxins, i.e. microcystins (MCs) and BMAA, within planktonic food webs of
New Hampshire lakes. A focus of this dissertation was to examine the interactions
between cyanobacteria and zooplankton in natural food webs by tracking the seasonal
changes of MCs and BMAA in size categories of phytoplankton and zooplankton
communities, and to identify patterns of biomagnification of MCs in specific zooplankton
taxa. The study also examines the importance of picocyanobacteria and nanoplankton
as transfer vectors for cyanotoxins to higher trophic levels in aquatic food webs.
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Top carnivores
(large fish, birds, mammals)
Tertiary consumers/ carnivores
(medium fish)

Secondary consumers/
carnivores
(predatory zooplankton, insects,
small fish)
Primary consumers/
herbivores

(zooplankton and
herbivorous fish)
Primary producers
(cyanobacteria,
algae)

Figure 1. Traditional food web diagram displaying energy flow and
biomagnification in aquatic food webs.
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Figure 2. The effects of predators on the size and composition of zooplankton in
lakes. Illustration based on the concept presented by Lampert “Effects on the
Spectrum of Prey” from Limnoecology, The Ecology of Lakes and Streams,
Textbook by Lampert and Sommer and translated by Haney 1997.

14

Table 1: Common cyanobacteria and cyanotoxins of New Hampshire.
Common Cyanobacteria
Genera of New Hampshire

Typical Form
Observed

Associated or Known
Toxins

Anabaena/Dolichospermum

Filaments

Anabaenopsis
Aphanizomenon

Filaments
Rafts of Filaments

Aphanocapsa/Aphanothece

Colonies or Single
Cells
Colonies
Colonies
Macroscopic
Colonies
Benthic Filaments

Microcystins, Anatoxin-a,
Anatoxin-a (S), Saxitoxins,
Cylindrospermopsin
Microcystins
Anatoxin-a, Anatoxin-a (S),
Saxitoxins, Possibly Microcystins
Microcystins

Coelosphaerium
Chroococcus/Gloeocapsa
Gloeotrichia
Lyngbya/Phormidium
Merismopedia
Microcystis
Nostoc

Rafts of Colonies
Variations of Colonies
Macroscopic
Colonies
Oscillatoria/Planktothrix
Filaments
Spirulina
Filaments
Synechococcus/Synechocystis Single Cells, Rarely
Colonial
Woronichinia
Dense Colonies

Microcystins
Possibly Microcystins
Microcystins
Microcystins, Lyngbyatoxins,
Anatoxin-a
Microcystins
Microcystins, Anatoxin-a
Microcystins, Nodularins
Microcystins, Cylindrospermopsin
Microcystins
Microcystins and Saxitoxins
Microcystins

Notes:
• some genera grouped here have variations in their taxonomic name or are similar in
morphology. species may vary significantly. This is not a complete list of the cyanobacteria.
• more than one type of cyanobacteria and toxin may exist in a typical bloom.
• microcystins are the most common cyanotoxin in NH and New England.
• associated toxins are typical and not guaranteed as research evolves.
• some toxins are turned on by genetic regulations.
• toxins tests are also available for nodularins, commonly produced by marine/brackish
cyanobacterium called Nodularia (uncommon to New England).
• BMAA (beta-methylamino-L-alanine), DAB (alpha-, gamma- diaminobutyric acid) toxins
(neurotoxins) have been associated with nearly all cyanobacteria.
• dermal-toxins, causing rashes on skin can occur with most cyanobacteria.
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Table 2: Cyanotoxins and common modes of action (modified from Handbook of
Cyanobacteria Monitoring and Cyanotoxin Analysis, First Ed. 2017).
Cyanotoxin
Microcystins (nearly 100 variants)

Nodularins (similar in structure to
microcystins)
Anatoxin-a

Anatoxin-a (S)
Saxitoxins
Cylindrospermopsins
Lyngbyatoxins
BMAA/DAB

Mode of action and/ or symptoms
Hepatotoxic, targets the liver and digestive
organs, tumor promoting, inhibition of protein
phosphatases. Acute gastroenteritis, chronic
tumor promotion.
Similar to microcystins, but not as toxic and
common in brackish or marine systems.
Neurotoxic, inhibits acetylcholine receptors
(neurotransmitter). Fast-acting and may cause
seizures or death (i.e. common for dogs or others
animals to ingest and die).
Neurotoxic, similar to anatoxin-a (S)
Neurotoxic, blocking voltage gate of sodium ion
channels. More common to marine organisms.
Toxic to multiple organs, neurotoxic and
genotoxic, affecting neurons and genes.
Tumor promotion
Neurotoxic, chronic exposure may be linked to
neurodegenerative diseases such as ALS.
(Though individuals may have a genetic
precursor).

Notes:
• dermal-toxins, causing rashes on skin and can occur with most cyanobacteria. Usually
depends on the individual in contact.
• synergistic effects of the cyanotoxins may also occur.
• many of the cyanotoxins cause gastroenteritis-like symptoms, while others may cause
seizure-like or possibly neurodegenerative symptoms.
• exposure can occur through drinking, food, dietary supplements, inhalation, and/ or by
dermal contact, and has occurred by haemodialysis (with contaminated water).
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Table 3: Common cyanobacteria and toxins by detection method, modified from
Pearl and Otten 2013.
Toxin
Aeruginosin
Anatoxin-a/homoanatoxin-a

Cyanobacteria Genera
Microcystis, Planktothrix
Anabaena, Aphanizomenon,
Cylindrospermopsis, Lyngbya,
Oscillatoria, Phormidium,
Planktothrix, Raphidiopsis,
Woronichinia

Method of Detection
HPLC, MS
ELISA, HPLC, MS

Anatoxin-a(S)
Aplysiatoxins

Anabaena
Lyngbya, Oscillatoria,
Schizothrix
Anabaena, Aphanizomenon,
Calothrix, Cylindrospermopsis,
Lyngbya,
Microcystis, Nostoc, Nodularia,
Planktothrix, Phormidium,
Prochlorococcus,
Scytonema, Synechococcus,
Trichodesmium

AEIA, MS
MS

Anabaena, Microcystis,
Planktothrix
Anabaena, Aphanizomenon,
Cylindrospermopsis,
Oscillatoria,
Raphidiopsis, Umezakia
Lyngbya
Lyngbya
Anabaena, Anabaenopsis,
Aphanizomenon, Aphanocapsa,
Cylindrospermopsis,
Gloeotrichia, Hapalosiphon,
Microcystis, Nostoc,
Oscillatoria,
Phormidium, Planktothrix,
Pseudoanabaena,
Synechococcus, Woronochinia
Nodularia
Anabaena, Aphanizomenon,
Cylindrospermopsis, Lyngbya,
Oscillatoria, Planktothrix

HPLC, MS

beta-Methylamino-L-alanine
(BMAA)

Cyanopeptolin
Cylindrospermopsin

Jamaicamides
Lyngbyatoxin
Microcystin (~100 variants)

Nodularin
Saxitoxin

ELISA,HPLC, MS

ELISA, HPLC, MS

MS
HPLC, MS
ELISA, HPLC, MS, PPIA

ELISA, HPLC, MS, PPIA
ELISA, HPLC, MS

AEIA acetylcholine esterase inhibition assay, ELISA enzyme-linked immunosorbent assay, HPLC
high-performance liquid chromatography, MS mass spectrometry, PPIA protein phosphatase
inhibition assay
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Table 4. From Codd et al. 2005; on the approximate LD 50 levels for toxic
cyanobacteria via i.p. injection in mice.

Cyano-Taxon

Cyano-Toxin

Anabaena/Dolichospermum,
Anatoxin-a
Oscillatoria, Aphanizomenon,
Cylindrospermum, Planktothrix
Homoanatoxin-a
Planktothrix
Anatoxin-a (S)
Anabaena/Dolichospermum
Anabaena/Dolichospermum,
Saxitoxins
Aphanizomenon, Cylindrospermum,
Planktothrix, Lyngbya
Microcystis, Anabaena, Nostoc,
Anabaenopsis, Planktothrix,
Microcystins
Hapalosiphon, Gloeotrichia,
Gloeocapsa, Aphanocapsa
Nodularins
Nodularia
Cylindrospermopsis, Aphanizomenon,
Cylindrospermopsin
Raphidiopsis, Umezakia
*not a compl ete l i s t of the cya noba cteri a taxa or the cya notoxi ns
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LD50 (i.p. mouse g/kg
body weight
250
250
40
10 to 30

25 to 1000
30 to 50
200 to 2100

Figure 3. Oligotrophic, Christine Lake, is located in Stark, NH. The watershed is
mainly comprised of conservation land. NH Fish and Game.
https://wildlife.state.nh.us/maps/
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Figure 4. Meso-eutrophic, Willand Pond is located in Somersworth and Dover, NH.
The surrounding watershed is well developed. NH Fish and Game.
https://wildlife.state.nh.us/maps/
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MATERIALS AND METHODS
Study Sites
Two New Hampshire lakes of contrasting trophic status were sampled to observe
seasonal succession of cyanobacteria and food web dynamics in relation to
bioaccumulation of cyanotoxins. Sampling of the two lakes was conducted in 2012 at 3month intervals to represent the four seasons in this region, referred in this study as
winter, spring, summer, and fall herein after.
Christine Lake of Stark, N.H. is a 39 ha (197 acre), oligotrophic lake surrounded
by protected forest with very little development. The mean depth is 8 m (24 ft) and max
depth is 22 m (65 ft). The lake sustains a coldwater fishery, used for recreational fishing
and swimming. Fish species include Eastern Brook Trout (Salvelinus fontinalis), Small
Mouth Bass (Micropterus dolomieu), and Rainbow Smelt (Osmerus mordax) (Figure 3).
Christine Lake was sampled February 8, May 9, August 7, and November 12 of 2012.
Willand Pond of Somersworth/Dover, N.H. is a 26.7 ha (66 acre), eutrophicmesotrophic lake surrounded by development and impervious surfaces, primarily used
for recreational fishing and walking trails for the nearby towns. The mean depth is 5 m
(15 ft) and max depth is 12 m (37 ft). Willand Pond contains a warmwater fishery, and
fishing is its primary recreational use. Fish species include Rainbow Trout
(Oncorhynchus mykiss), Large Mouth Bass (Micropterus salmoides), Eastern Chain
Pickerel (Esox niger), Yellow Perch (Perca flavescens), White Perch (Morone
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americana), Black Crappie (Pomoxis nigromaculatus), and Brown Bullhead (Ameiurus
melas) (Figure 4). Willand Pond was sampled on February 18, May 17, August 6, and
December 3 in 2012.
Lake sampling and water quality measurements
Lake sampling and water quality measurements were made at the deep site of
each lake. Multiparameter probes, including the EXO (beta) and 6600 sondes by Yellow
Springs Instruments (YSI, Xylem Analytics), were deployed at the deep site for full
detailed profiling of water quality parameters including depth, temperature, dissolved
oxygen, pH, oxidation-reduction potential, turbidity, specific conductance, fluorescentdissolved organic matter, chlorophyll fluorescence, and phycocyanin fluorescence.
Multi-parameter sensor estimates of water conditions were simultaneously measured
from the water column in 3 second intervals, as the probes were slowly lowered at 0.5
m min-1 through the water column providing a vertical resolution of approximately 2.5
cm. A Secchi disk with view scope was deployed in triplicate from the sunny and shady
sides of the boat at the deep site to determine water clarity for each sampling period.
Lake water was sampled from the well mixed zone of the epilimnion, subsampled from
0-3 m of surface water, using an integrated tube sampler (2.5 cm diameter (x3)). The
lake water was processed for extractions of chlorophyll a (Chl. a), Color-Dissolved
Organic Matter (CDOM), nitrites (NO2-) and nitrates (NO3-) or NN, total nitrogen (TN)
and total phosphorus (TP). Molecular and mass ratios of TN:TP were determined for
each lake and season.
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Lake water
Lake water was sampled and integrated from the epiliminion (typically 0-3 m) and
the full water column of the deep sites in triplicate using an integrated tube sampler
(Tygon tube 2.54 cm diam) and a peristaltic pump (Tygon tubing 13 mm diam),
respectively. Full water column profiles were sampled from 0-14 m for Christine Lake
and 0-9 m for Willand Pond. Each integrated sample was well mixed before being
processed for serial fractionation of phytoplankton into three separate size categories as
net plankton (>50 m), nanoplankton (2-50 m) and picoplankton (0.2-2.0 m). Whole
lake water was first filtered through a 50 m Nitex mesh (via gravity filtration through a
funnel with mesh) and then through a 2.0 m Millipore filter (47 mm diameter) through
low vacuum pump filtration (<200 mm Hg), and finally further fractionated using 0.2 m
Millipore filters (47 mm diam). Filters were frozen until processed for MC-toxin
detections and duplicate samples were stored in desiccators or frozen (- 40 °C) until
ultimately processed for further analyses of autotrophic picoplankton enumerations
(chapter 2) and stable isotope analyses (chapter 3). Filtered water samples were
processed and filtered to achieve particulates on filters and weighed on pre-weighed
filters to determine dry-weight of the material of each size-category and to estimate
weight-specific cyanotoxicity (chapters 1 and 2) and for SIA (chapter 3). Filters with
particulates were dried at 106 °C for 24 hours. Particulate weights were determined on
an Ohaus model, recorded and stored in a darkened desiccator at room temperature
(~20 °C). Lake water filtrates and fractions were subsampled and processed for the
extractions of microcystins (MCs). Water samples were concentrated 10-fold by
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lyophilization (Labconco) and frozen until processed for microcystin detection by
Enzyme-Linked Immunosorbent assay (ELISA) methods following the protocols of the
(MC) kits provided by Envirologix Inc, Portland ME.
Net plankton
Net plankton were hauled from the entire water column of the deep site of each
of the lakes with a 20 cm diam, 50 m Nitex mesh plankton net. Plankton were collected
and preserved with a 4 % formalin:sucrose solution (Haney and Hall 1973) for
identification and enumeration of net plankton. Plankton were also collected from a
series of vertical tows for live separation of zooplankton and phytoplankton using a
simple light-dark bottle system that separated zooplankton and phytoplankton through
positive phototaxis, called the ZAPPR (Zooplankton and Phytoplankton Phototactic
Response) modified after a method by (Capron 1995). Plankton fractions were
concentrated onto 50 m Nitex mesh for weight and toxin analyses. Net zooplankton
and phytoplankton were weighed as wet and dry weights separately and frozen for MC
and BMAA analyses. Additionally, a coarse plankton net (375 m) was used to collect
macrozooplankton from the water column for individual isolation of zooplankton for MCanalyses (and stable isotope analysis- chapter 3). Zooplankton were then collected onto
50 m mesh and stored on ice until arrival to the laboratory. In the laboratory, the
zooplankton were washed off the mesh into glass petri dishes and allowed to depurate
in filtered well water for 30 minutes to 1 hour before individually picking the most
abundant organisms. Zooplankton were identified and separated by major taxa in the
system by picking them out with jewelers’ forceps and transferring to 1.5 mL
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microcentrifuge vials. Major zooplankton taxa were processed for microcystin toxicity via
ELISA methods to estimate weight-specific MC-toxicity of each group. Final estimates of
weight-specific MCs were determined and recorded as ng g-1 dry weight. Filters from the
fractionation series (pico, nano and net) were also processed for microcystins. All other
plankton compartments, water fractions, as well as fish and mussels were tested for
MCs. BMAA was additionally tested from net zooplankton and net phytoplankton
fractions, as well as from Lepomis and Elliptio.
Plankton assemblages were compartmentalized by the following classifications:
Phytoplankton (primary producers) and microzooplankton:
1. Net Phytoplankton (> 50 m; phytoplankton composition).
2. Nanoplankton (2-50 m; mixture of unidentified microzooplankton, protists and
phytoplankton).
3. Picoplankton (0.2-2.0 m; known picocyanobacterial abundances and relative
contribution to fraction reported in chapter 2; likely containing heterotrophic
bacteria as well).
Zooplankton (primary and secondary consumers):
1. Combined Community (Macro) Net Zooplankton (>50 m) (excludes Chaoborus
and Leptodora in community samples).
2. Herbivores (Daphnia, Calanoid, Bosmina, Holopedium)
3. Omnivores (Calanoid)
4. Carnivores (Cyclopoids, Chaoborus, Leptodora)

MC extraction procedure for nanoplankton and picoplankton:
1.
2.
3.
4.
5.
6.
7.

Determine total dry weight on filters.
Freeze filters in 3 mL of diH20.
Freeze/thaw samples in triplicate to lyse cells.
Sonicate and vortex mix for 30 second intervals between freeze/thaw cycles.
Spin in centrifuge at 2000 rpm for 5 minutes.
Pour off supernatant for speed-vac concentration.
Freeze until ELISA.
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MC extraction procedure for tissues (i.e. phytoplankton and zooplankton):
1. Wet and dried tissues were subsampled for extraction and macerated to
homogenize (goal of 0.45 grams in 1.5 mL distilled water, duplicate comparisons
were also made with 80% MeOH).
2. Dry tissue weights were recorded to determine tissue weight per volume of
extract.
3. Freeze/thaw and sonicate samples in triplicate to lyse cells.
4. Sonicate and vortex mix for 30 second intervals between freeze/thaw cycles
5. Spin in centrifuge at 2000 rpm for 5 minutes.
6. Pour off supernatant for speed-vac concentration.
7. Freeze until ELISA.
Enzyme-Linked Immunosorbent Assay (ELISA)
Enzyme-Linked Immunosorbent assay (ELISA) methods were performed
following the protocols of the kits provided by Envirologix Inc., Portland ME (MC) and
Abraxis, Inc., Warminster, PA (BMAA). Optical density was read via Bio-tek Instruments
Inc. EL800 microplate reader and toxin concentrations were derived from a cubic log–
log standard curve (KCJunior software). A dual wavelength, at 630 nm, was used to
correct for interference from bubbles and plate irregularity.
Graphing and Statistics
Excel and Sigmaplot with Systat were used for graphics and statistics. Data were
analyzed using one-way ANOVA, Tukey’s post hoc test, Holm-Sidak t-test, and
regression analyses (SigmaPlot 12.0).
Picoplankton (PCY) (chapter 2)
Total photosynthetic picoplankton and total picocyanobacteria (PCY) were
enumerated in triplicate from the 0.2 m filter replicates under epifluorescence
microscopy (400x). Picoplankton were enumerated under autofluorescence by blue
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excitation at 435 nm (chlorophyll a) and green excitation at 572 nm (phycocyanin) using
epifluorescence microscopy from a BX41 Olympus microscope with an Olympus DP72
camera, set with the two filter units (chapter 2).
Stable Isotope Analyses (SIA) (chapter 3)
Stable Isotope Analyses (SIA) of samples were analyzed at the University of New
Hampshire Stable Isotope Lab, Durham, NH 03824 (A. Ouimette and E. Hobbie)
(chapter 3).
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RESULTS
Lake Water Quality
The lake water quality parameters were recorded to characterize lake conditions
of each season and classify the status of each lake overall according to the Carlson
Trophic Index. At the time of the study, Christine Lake was classified as Oligotrophic,
and Willand Pond was classified as Meso-eutrophic. This was determined based on
nutrients, clarity and chlorophyll levels as described in Tables 5 and 6, though
conditions were variable throughout the year. Secchi disk depth (SDD) ranged from 4.8
to 8.1 m in Christine Lake and 2.5 to 4.9 m in Willand Pond, with shallowest SDD
observed in winter and deepest SDD in summer (Table 5). Total phosphorus values
were highest in the fall in Christine Lake (46 g L-1) and lowest in summer for both
Christine Lake (5.8 g L-1) and Willand Pond (8.6 g L-1). During the fall, winter and
spring, Willand Pond had remarkably consistent TP concentrations of approximately 16
g L-1. TN values from Christine Lake were also highest in fall (415 g L-1) and lowest in
summer (138 g L-1). TN was only measured from spring and summer samples in
Willand Pond at 372.5 g L-1 and 162.7 g L-1, respectively, since some samples were
not successfully digested (i.e. winter samples). Nutrient ratios for TN:TP were reported
both as g L-1 and mol L-1 to allow for comparison to molar TN:TP in the literature.
Molar ratios for TN:TP in Christine Lake ranged from 65.2 in spring and 52.8 in summer,
while ratios were much lower in fall at 19.7, due to the high TP at that time. Molar ratios
28

for TN:TP in Willand Pond were 49.3 in spring and 66.9 in summer. Nitrates and Nitrites
were highest in spring for Christine Lake and in summer for Willand Pond (Table 6).
Trophic parameters (CHLa, CDOM, SDD, TP, TN, NN) were examined with
Pearsons Product Moment Correlations for possible relationships with the plankton
abundance and toxicity (Table A-1). Net cyanobacteria abundances, % Net
cyanobacteria, Pico cyanobacteria abundances, MCs of water fractions, MCs of
phytoplankton fractions and averages of MCs from the sum of phytoplankton fractions,
MCs of net zooplankton, BMAA of net phytoplankton and net zooplankton, %
herbivores, % omnivores, % carnivores, the sum of %herbivores + % omnivores, %
Daphnia sp. and % Bosmina sp. were compared. There were no significant correlations
with trophic parameters except between SDD and chlorophyll (negative inverse, p=
0.03). Color-Dissolved Organic Matter (CDOM) was also positively correlated with
picocyanobacteria (PCY) abundance (cells mL-1), as well as with BMAA of net
phytoplankton (p<0.050). When comparing MCs in lake compartments, significant
correlations were also found between MCs in all size fractions; i.e. all combinations of
net phytoplankton, nanoplankton and picoplankton were positively correlated (p < 0.05).
MCs in net phytoplankton were positively correlated with MCs in net zooplankton (p <
0.001). Significant relationships were also detected between total net cyanobacteria
abundances and MCs measured from net phytoplankton fractions (p= 0.0139). Total
abundances of net cyanobacteria were positively correlated with MCs in the <50 m
filtrate, representing nanoplankton, picoplankton and dissolved components (p < 0.05).
Microcystins in picoplankton fractions were also positively correlated with MCs in
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nanoplankton fractions (p= 0.015). Picocyanobacteria abundances were further
positively correlated with abundances of total net cyanobacteria and MCs in PCY
fractions as described (in part) in chapter 2 on picocyanobacterial cells (p < 0.05).
Vertical Profiles
Multi-parameter sensor estimates of water conditions were simultaneously
measured through the water column providing a vertical resolution of approximately 2.5
cm. Strata were identified by the temperature gradients and averages by season were
reported for Christine Lake (Table 7) and Willand Pond (Table 8). Phycocyanin and
chlorophyll fluorescence were especially noteworthy as these pigments tracked
changes at depth, including microstrata of cyanobacteria throughout the water column
(Figures 3 and 4). The vertical profiles revealed the vertical distribution of cyanobacteria
in each lake for each season with considerable differences for each sampling period
and lake. Phycocyanin pigment was calibrated with cultured Microcystis aeruginosa
(UTEX strain 2385) as cells of M. aeruginosa (~ 4-6 m cell diameter). Phycocyanin
(PC) concentrations were lower in winter in Christine Lake at around 5,000 cells mL -1 to
over 200,000 cells mL-1 in spring (Table 7 and Figure 5). In Willand Pond, ranges of PC
values were more variable based on position in the water column, though overall ranged
from roughly 70,000 cells mL-1 in fall to over 500,000 cells mL-1 in summer with a
maximum above quenching with sensors reading > 1 million cells mL-1 at 7 m (Table 8
and Figure 6).
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Table 5. Seasonal water quality characteristics (Secchi Disk Depth (SDD),
Chlorophyll (CHL), Color-Dissolved Organic Matter (CDOM)) of oligotrophic,
Christine Lake and meso-eutrophic, Willand Pond (located in New Hampshire,
USA) during 2012.

Lake
Christine Lake
Christine Lake
Christine Lake
Christine Lake
Willand Pond
Willand Pond
Willand Pond
Willand Pond

Season
Winter
Spring
Summer
Fall
Winter
Spring
Summer
Fall

Secchi Disk
Depth (m)
4.88
5.07
8.10
7.24
2.45
3.52
4.93
3.34

SE

Chlorophyll
a extracted

0.06
0.12
0.03
0.06
0.08
0.04
0.12
0.08

(g L-1)
1.32
1.58
0.79
0.74
9.85
6.77
2.26
2.26

SE

Color-Dissolved
Organic Matter
(CDOM)

SE

0.15
0.13
0.04
0.06
0.31
0.24
0.17
0.17

155.45
153.99
118.79
115.86
148.12
95.33
86.53
217.05

3.88
4.40
2.54
5.29
7.76
1.47
2.93
6.39

Table 6. Seasonal water quality characteristics (Total Nitrogen (TN), Total
Phosphorus (TP), TN:TP ratios (mass and molar), Nitrates/Nitrites (NN)) of
oligotrophic, Christine Lake and meso-eutrophic, Willand Pond (located in New
Hampshire, USA) during 2012.
(not available = na)

Lake
Christine Lake
Christine Lake
Christine Lake
Christine Lake
Willand Pond
Willand Pond
Willand Pond
Willand Pond

Season TN (g L-1)
Winter
Spring
Summer
Fall
Winter
Spring
Summer
Fall

na
268.75
137.59
414.98
na
372.48
261.69
na

SE
na
18.67
17.94
40.91
na
32.06
29.78
na

-1

TP (g L )

SE

TN:TP

7.64
9.10
5.76
46.47
16.84
16.67
8.63
16.59

0.47
0.78
1.22
3.98
0.65
1.52
0.09
0.39

na
29.53
23.91
8.93
na
22.35
30.31
na
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Nitrates/
TN:TP molar Nitrites
(g L-1)
na
65.18
52.76
19.71
na
49.33
66.90
na

119.14
134.82
12.16
43.14
BDL
35.87
294.24
28.62

SE
15.15
8.50
2.20
0.76
na
0.03
1.73
0.38

Table 7. Seasonal conditions of lake chemistry throughout the water column of

Christine Lake in 2012 (as measured from YSI sonde 6600 multi-parameter
probes).

Lake

Season

strata
Christine
Lake

Depth
m

Winter

0-2 m

Temp SpCond
C
uS/cm

pH

ORP
mV

Turbidity Chlorophyll BGA PC Conc ODO% ODO Conc
NTU
ug/L
cells/mL
%
mg/L

averages

1.65

33.18

7.80

147.81

3.98

5.48

5353.51

93.30

13.04

std error

0.10

0.18

0.02

0.32

0.01

0.05

62.36

0.26

0.07

2-11 m averages

2.93

31.00

7.04

158.97

3.91

4.70

4929.24

84.02

11.33

std error

0.01

0.00

0.02

0.22

0.01

0.03

28.37

0.15

0.02

averages 12.70

28.92

7.23

149.96

2.49

4.21

199852.52

96.28

10.21

std error

0.00

0.03

0.02

0.29

0.01

0.05

1000.44

0.01

0.00

3-11 m averages 11.54

28.96

6.77

155.07

2.54

4.47

209686.04

94.48

10.29

0.08

0.02

0.01

0.25

0.01

0.03

787.16

0.16

0.00

averages 23.73

28.00

6.29

-250.78

0.37

0.63

24014.74

96.39

8.16

epilimnion
std error 0.01
Christine
Lake
Summer 3-10 m averages 10.53

0.00

0.00

0.22

0.01

0.05

1253.12

0.02

0.00

epilimnion
Christine
Lake
Winter
metalimnion
Christine
Lake
Spring
epilimnion
Christine
Lake

Spring

metalimnion
Christine
Lake
Summer

0-3 m

std error
0-3 m

28.00

5.83

-256.09

0.54

2.75

41319.59

61.21

6.82

metalimnion
std error
Christine
Lake
Summer 10-15 m averages

0.10

0.00

0.02

0.64

0.01

0.08

787.65

0.26

0.01

9.19

28.00

5.10

-259.95

10.53

3.61

44623.43

50.04

5.76

hypolimnion
Christine
Lake
Fall

std error

0.01

0.00

0.01

0.24

9.52

0.08

2402.27

0.29

0.03

averages

6.89

27.66

7.94

241.80

1.54

3.36

43666.08

97.05

11.81

std error

0.02

0.06

0.01

0.16

0.22

0.05

1304.94

0.05

0.00

Fall

3-10 m averages

6.66

27.00

7.30

253.14

-0.54

3.38

58992.05

96.31

11.79

metalimnion
Christine
Lake
Fall

std error

0.00

0.00

0.01

0.27

0.04

0.04

703.63

0.01

0.00

10-16 m averages

6.59

27.05

6.88

265.25

30.21

3.38

60580.31

95.61

11.73

std error

0.00

0.05

0.02

0.82

23.01

0.16

6320.99

0.04

0.00

epilimnion
Christine
Lake

hypolimnion

0-3 m
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Table 8. Seasonal conditions of lake chemistry throughout the water column of
Willand Pond in 2012 (as measured from YSI sonde 6600 multi-parameter probes).

Lake

Temp
C

SpCond
uS/cm

pH

ORP
mV

averages

6.19

96.60

3.28

23.78

5.13

3.79

151117.75

34.01

3.71

std error

1.32

17.30

0.59

22.63

1.48

0.95

33932.07

7.46

0.85

averages

3.50

212.52

8.00

114.91

4.41

21.70

9783.96

93.38

12.40

std error

0.00

0.12

0.01

0.17

0.10

0.31

121.78

0.21

0.03

0-2.5 m average

14.13

202.00

6.95

106.93

2.88

6.75

428384.76

96.57

9.92

std error

0.01

0.00

0.00

0.05

0.02

0.17

4996.63

0.02

0.00

2.5-4 m average

12.98

202.50

6.90

109.29

2.92

5.96

463523.74

92.99

9.80

std error

0.06

0.08

0.00

0.21

0.04

0.17

3575.33

0.28

0.02

4-8.5 m average

11.31

203.31

6.54

127.29

2.96

3.69

413182.69

62.56

6.81

std error

0.08

0.05

0.02

0.56

0.02

0.05

2025.68

1.22

0.12

8.5-9 m average

7.61

99.45

3.27

-3.66

6.54

4.51

193372.86

31.16

3.05

std error

2.21

25.95

0.85

33.59

2.54

1.62

56245.51

10.67

1.05

averages

26.47

191.04

6.43

35.10

17.98

0.76

61896.99

96.79

7.78

epilimnion
std error
Willand
Pond
Summer 4-8.5 m averages

0.01

0.03

0.00

0.09

0.02

0.03

477.97

0.20

0.01

strata
Willand
Pond

Season Depth
m
Winter

epilimnion
Willand
Pond
Winter
metalimnion
Willand
Pond
Spring
epilimnion
Willand
Pond
Spring
metalimnion
Willand
Pond
Spring
hypolimnion
Willand
Pond
Spring
bottom layer
Willand
Pond
Summer

0-1 m

1-9 m

0-4 m

Turbidity Chlorophyll BGA PC Conc ODO% ODO Conc
NTU
ug/L
cells/mL
%
mg/L

16.08

190.18

6.16

-41.22

27.57

17.07

566420.94

20.62

1.88

metalimnion
std error
Willand
Pond
Summer 8.5-9 m averages

0.40

0.58

0.01

12.33

0.79

1.26

33766.35

1.81

0.15

9.80

203.46

6.21

-395.08

23.25

17.84

332373.15

0.85

0.09

hypolimnion
Willand
Pond
Fall

std error

0.03

0.19

0.00

0.53

0.08

0.35

9850.11

0.04

0.00

0-4.5 m averages

6.28

210.03

8.26

216.47

3.27

4.05

73148.23

99.11

13.12

std error

0.05

0.02

0.02

0.12

0.04

0.04

1092.89

0.03

0.00

4.5-6 m averages

5.38

210.00

7.94

219.97

2.47

4.08

74474.50

98.34

13.04

std error

0.04

0.00

0.01

0.17

0.09

0.04

1259.31

0.02

0.00

averages

4.87

210.00

7.80

221.77

2.10

3.88

73330.36

97.97

12.99

std error

0.03

0.00

0.01

0.21

0.13

0.05

962.69

0.02

0.00

epilimnion
Willand
Pond
Fall
metalimnion
Willand
Pond
Fall
hypolimnion

6-9 m
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Figure 5. Vertical profiles of temperature (black) and fluorescence of chlorophyll (g L-1) (green)
and phycocyanin (cells mL-1 of Microcystis aeruginosa) (cyan) in Christine Lake. *note the x-axis
scales adjusted to the changing seasonal ranges.
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Figure 6. Vertical profiles of temperature (black) and fluorescence of chlorophyll (g L-1) (green)
and phycocyanin (cells mL-1 of Microcystis aeruginosa) (cyan) in Willand Pond. *note x-axis
scales adjusted to the changing seasonal ranges.

Plankton Succession
Phytoplankton and Cyanobacteria
The spring samples from Christine Lake were mostly comprised of Chlorophytes
(42%) and Cyanophytes (41%) followed by a shift in summer to Cyanophyta (50%) and
Chrysophytes (35%), though at lower densities(83 L-1) than was found in spring (265 L1).

Net phytoplankton densities in Christine Lake had a maximum in the fall (747 L-1),

with a change from Aphanocapsa to Merismopedia, and Cyanophyta as the dominant
net phytoplankton (53%), followed by Chrysophytes (43%) (Table 9 and Figure 7).
The composition was different in Willand Pond, though Aphanocapsa was
observed in both lakes and all seasons. Winter populations of net phytoplankton
consisted of 53% diatoms (Bacillariophytes), about 40% Chrysophytes, and only 3% or
45 L-1 were Cyanophytes. There was a springtime bloom of Dinobryon, with
Chrysophytes (83%) dominating the net phytoplankton population, ~10,000 L-1.
Cyanophytes were the next dominant net phytoplankton in spring, estimated at nearly
1,000 L-1, consisting of Microcystis, Aphanocapsa, Anabaena and Woronichinia. A deep
layer of Oscillatoria (Planktothrix) was observed at ~7 m in summer, a common
occurrence in unpublished observations of this lake in previous years to 2012 (20062012). Other cyanobacteria observed in summer included Anabaena, Microcystis and
Aphanocapsa. Total concentrations of cyanobacteria were 1556 L-1, making up nearly
70% of the net phytoplankton population. The fall samples were lowest in net
phytoplankton density at 306 L-1, and Cyanophyta were >50% of the net phytoplankton
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population, however there was a shift towards a composition of Microcystis,
Woronichinia and Aphanocapsa. Microcystis was represented as a “late” form, with
peak relative abundance in winter and fall (Table 10 and Figure 8).
Aphanocapsa was the most common net cyanobacteria observed in Christine
Lake, while Microcystis was the dominant form in Willand Pond. However, both study
lakes had cyanobacteria populations that varied seasonally by composition and
abundance. There were no net phytoplankton observations observed in the net hauls
from winter sampling in Christine Lake. However, net phytoplankton were noted but not
quantified in multiple tows collected in the winter for the zooplankton and phytoplankton
separation. There was an increased dominance of Aphanocapsa in spring and summer,
and a shift to Merismopedia by fall (Figure 9). In Willand Pond, Microcystis was
dominant in winter and fall, while spring and summer were more diverse in
cyanobacteria taxa. The dominance of Oscillatoria/Planktothrix in summer was due to a
deep metalimnetic layer bloom (Figure 9).

37

Table 9. The relative composition and density of major phytoplankton phyla, with
emphasis on net cyanobacteria (bold) in Christine Lake.
Oligotrophic
Christine Lake
Phytoplankton Groups
Diatoms
Bacillariophyceae
Greens
Chlorophyceae
Golden-browns
Chrysophyceae
Blue-greens
Cyanophyceae
Green Desmids
Desmid-chlorophyceae
Dinoflagellates
Dinophyceae
Euglenoids
Euglenophyceae
Total Phytoplankton (#/L)

Winter (2/18/2012)
AVERAGES SE (+/-)
0.00
na
0.00
na
0.00
na
0.00
na
0.00
na
0.00
na
0.00
na
0.00

0-10 m
%
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Spring 5/17/2012
AVERAGES SE (+/-)
19.94
5.55
113.45
25.91
14.83
3.33
106.86
10.06
10.33
5.88
0.00
0.00
0.00
0.00
265.41

0-10 m
%
7.74
41.62
5.66
40.48
4.50
0.00
0.00

Summer (8/14/2012)
AVERAGES SE (+/-)
5.30
0.55
0.99
0.46
32.78
15.65
38.18
4.44
4.55
1.01
0.84
0.19
0.00
0.00
82.64

0-14 m Fall (11/12/2012)
0-14 m
%
AVERAGES SE (+/-)
%
6.53
19.17
7.59
2.49
1.43
0.79
0.63
0.09
35.27
343.45
124.06
43.15
49.99
376.28
42.31
53.18
5.75
6.67
2.23
0.91
1.02
1.07
1.07
0.18
0.00
0.00
0.00
0.00
747.44

Table 10. The relative composition and density of major phytoplankton phyla,
with emphasis on net cyanobacteria (bold) in Willand Pond.
Meso-eutrophic Willand Pond
Phytoplankton Groups
Diatoms
Bacillariophyceae
Greens
Chlorophyceae
Golden-browns
Chrysophyceae
Blue-greens
Cyanophyceae
Green Desmids
Desmid-chlorophyceae
Dinoflagellates
Dinophyceae
Euglenoids
Euglenophyceae
Total Phytoplankton (#/L)

Winter (2/8/2012)
AVERAGES SE (+/-)
759.18
361.88
12.13
7.13
705.92
562.93
44.70
19.74
1.64
1.64
61.82
51.25
1.52
1.52
1586.91

0-8 m
%
52.52
0.96
39.88
3.28
0.15
3.20
0.14

Spring (5/9/2012)
AVERAGES SE (+/-)
86.11
22.12
51.52
30.62
9938.97
1476.96
960.05
63.53
179.26
44.87
765.61
207.09
34.82
24.19
12016.34
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0-9 m
%
0.72
0.43
82.71
7.99
1.49
6.37
0.29

Summer (8/7/2012)
AVERAGES SE (+/-)
29.34
13.33
8.09
5.48
110.41
10.92
1156.26
106.09
16.72
6.89
356.40
52.93
0.00
0.00
1677.22

0-9 m
%
1.63
0.42
6.70
69.25
0.93
21.07
0.00

Fall (12/3/2012)
0-10 m
AVERAGES SE (+/-)
%
90.49
22.43
28.80
7.74
3.31
2.71
31.13
5.27
10.29
153.11
13.06
50.57
5.76
2.94
1.92
16.29
4.72
5.16
1.57
0.78
0.55
306.08

Figure 7. Seasonal succession of plankton in Christine Lake, displayed after the
Plankton Ecology Group (PEG) Model (Sommer et al. 1986). Comparison of water
column concentrations between net phytoplankton, net cyanobacteria, net
zooplankton, % Bosmina and % Daphnia are included. Seasonal model for light
and day length, as well as grazing pressure were originally created by Sommer
and used here as a reference.
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Figure 8. Seasonal succession of plankton in Willand Pond, displayed after the
Plankton Ecology Group (PEG) Model (Sommer et al. 1986). Comparison of water
column concentrations between net phytoplankton, net cyanobacteria, net
zooplankton, % Bosmina and % Daphnia are included. Seasonal model for light
and day length, as well as grazing pressure were originally created by Sommer
and used here as a reference.
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Figure 9. Composition of net cyanobacteria by season in Willand Pond and
Christine Lake.

41

Zooplankton
Net zooplankton abundances were maximum in spring in both lakes, with just
under 100 macrozooplankton per Liter (Figure 7 and 8). The total abundance of net
zooplankton was generally lower in Christine Lake (Figure 10) than in Willand Pond
(Figure 11), except during the spring, when densities were comparable at nearly 100
individuals per Liter. Total zooplankton abundances varied with lowest populations in
winter and highest in the spring in both lakes. In winter, there was < 1 individual L-1 and
in spring there were 91 individuals L-1 from the water column in Christine Lake (Table
11). In winter, there were 30 individuals L-1 and in spring there were 94 individuals L-1
from the water column in Willand Pond (Table 12). Major zooplankton taxa in Christine
Lake were Bosmina longirostris, Daphnia catawba, Daphnia dubia, Holopedium
gibberum, Polyphemus pediculus, Leptodora kindti, Epischura lacustris,
Leptodiaptomus minutus, an unknown immature cyclopoid, and Asplanchna priodonta
with variability by season in Christine Lake (Table 11). Major Willand Pond zooplankton
included Bosmina longirostris, Chydorus sphaericus, Daphnia ambigua, Daphnia
catawba, Diaphanosoma brachyurum, Leptodiaptomous minutus, Skistodiaptomous
pallidus, Asplanchna priodonta, Microcyclops rubellus, and Chaoborus punctipennis
(Table 12). The four zooplankton species common to both lakes were Leptodiaptomus
minutus, Bosmina longirostris, Daphnia catawba and Asplanchna priodonta.
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Figure 10. Zooplankton taxa by season in Christine Lake, with emphasis on
relative changes in populations of Bosmina longirostris (exploded pieces).

Figure 11. Zooplankton taxa by season in Willand Pond, with emphasis on relative
changes in populations of Bosmina longirostris (exploded pieces).
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Table 11. The relative composition and density of major zooplankton taxa in
Christine Lake by season.
Oligotrophic
Christine Lake
Winter (2/18/2012)
Feeding Behavior
Species
AVERAGES SE (+/-)
Herbivore Cladocera
Bosmina longirostris
0.01
0.00
Herbivore Cladocera
Daphnia catawba
0.00
0.00
Herbivore Cladocera
Daphnia dubia
0.00
0.00
Omnivore Cladocera
Holopedium gibberum
0.00
0.00
Omnivore Cladocera
Polyphemus pediculus
0.00
0.00
Omnivore Cladocera
Leptodora kindti
0.00
0.00
Omnivore Copepod-calanoid
Epischura lactustris
0.00
0.00
Omnivore Copepod-calanoid
Leptodiaptomus minutus
0.13
0.01
unknown Copepod-cyclopoid unknown immature Cyclopoid
0.04
0.01
Omnivore Rotifera
Asplanchna priodonta
0.49
0.05
Total Zooplankton (#/L)
0.67

0-10 m
%
2.23
0.00
0.00
0.00
0.00
0.00
0.00
19.08
5.88
72.81

Spring 5/17/2012
AVERAGES SE (+/-)
16.58
15.18
0.00
0.00
0.52
0.39
0.46
0.42
0.00
0.00
0.00
0.00
0.99
0.82
4.59
3.57
61.01
54.89
6.47
5.90
90.61

0-10 m
%
18.30
0.00
0.58
0.50
0.00
0.00
1.09
5.06
67.33
7.14

Summer (8/14/2012)
AVERAGES SE (+/-)
0.83
0.15
6.56
1.83
2.93
0.35
0.00
0.00
0.03
0.03
0.01
0.00
0.07
0.05
2.01
0.09
0.00
0.00
0.09
0.05
12.53

0-14 m Fall (11/12/2012)
0-14 m
%
AVERAGES SE (+/-)
%
6.63
0.33
0.12
7.35
52.34
0.00
0.00
0.00
23.42
0.06
0.00
1.42
0.00
0.00
0.00
0.00
0.27
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.57
0.00
0.00
0.00
16.08
3.73
0.48
82.62
0.00
0.33
0.16
7.26
0.70
0.06
0.03
1.36
4.51

Table 12. The relative composition and density of major zooplankton taxa in
Willand Pond by season.
Meso-eutrophic Willand Pond
Feeding Behavior
Species
Herbivore Cladocera
Bosmina longirostris
Herbivore Cladocera
Chydorus sphaericus
Herbivore Cladocera
Daphnia ambigua
Herbivore Cladocera
Daphnia catawba
Herbivore Cladocera
Diaphanosoma brachyurum
Omnivore Calanoid copepod
Leptodiaptomous minutus
Omnivore Calanoid copepod
Skistodiaptomous pallidus
Omnivore Rotifera
Asplanchna priodonta
Carnivore Cyclopoid copepod
Microcyclops rubellus
Carnivore Insecta
Chaoborus punctipennis
Total Zooplankton (#/L)

Winter (2/8/2012)
AVERAGES SE (+/-)
8.35
0.24
0.00
0.00
1.98
0.31
0.11
0.11
0.00
0.00
0.00
0.00
4.00
0.73
0.00
0.00
15.42
0.51
0.00
0.00
29.86

0-8 m
%
27.95
0.00
6.62
0.38
0.00
0.00
13.40
0.00
51.64
0.00

Spring (5/9/2012)
AVERAGES SE (+/-)
13.96
0.37
1.99
0.52
11.14
0.85
11.83
0.90
0.00
0.00
0.00
0.00
10.85
0.24
34.69
0.63
9.20
0.61
0.11
0.01
93.78

0-9 m
%
14.89
2.12
11.88
12.61
0.00
0.00
11.57
37.00
9.81
0.12

Summer (8/7/2012)
AVERAGES SE (+/-)
0.21
0.01
0.00
0.00
7.20
2.00
7.21
1.77
0.04
0.04
0.00
0.00
0.00
0.00
0.67
0.35
18.08
4.63
0.43
0.14
33.84

0-9 m
%
0.62
0.00
21.27
21.30
0.13
0.00
0.00
1.99
53.43
1.26

Fall (12/3/2012)
0-10 m
AVERAGES SE (+/-)
%
30.26
2.79
39.16
0.67
0.17
0.87
18.53
2.89
23.99
9.78
2.61
12.65
0.00
0.00
0.00
3.45
0.71
4.47
0.00
0.00
0.00
1.45
0.74
1.87
13.13
1.10
16.99
0.00
0.00
0.00
77.26

Cyanotoxins
Samples from both study lakes had detectable levels of MCs and BMAA
throughout the year. MCs and BMAA were measured from net zooplankton and net
phytoplankton fractions, as well as two trophic “references” (Elliptio complanata in
Christine Lake and Lepomis gibbosus in Willand Pond). Cyanotoxins were detectable in
most samples, with variability between the lakes and seasons. In addition, MCs were
detected across a wide range of lake water fractions, zooplankton taxa and
phytoplankton size categories to delineate various pathways of MC-toxin transfer.
BMAA was not tested from lake water, individual zooplankton, or nanoplankton and
picoplankton size fractions.
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Water Fractionations - Microcystins (MCs)
Overall, lower MC-toxicity was found in lake water from Christine Lake compared
to Willand Pond. Levels of MCs in Christine whole lake water were 7.11 (+/- 0.39) pg
MC mL-1 in winter, 11.45 (+/- 2.89) in spring, 11.5 (+/- 2.59) in summer, peaking in fall at
16.93 (+/- 2.35) pg MC mL-1 (Figure 12). In Willand Pond, MCs in whole lake water were
32.8 (+/- 1.3) pg MC mL-1 in winter, 68.36 (+/- 7.82) in spring, 205.46 (+/- 46.97) in
summer and 200.41 (+/- 67.49) pg MC mL-1 in fall (Figure 13, Table A-2).
The MCs detected in filtrates of the lake water fractions (< 50, < 2 and < 0.2 m)
were variable with differences noted by season (Figures 12 and 13). Fractions less than
50 m included nanoplankton, picoplankton and extracellular MCs. Fractions less than 2
m include picoplankton and extracellular MCs. Fractions less than 0.2 m include
extracellular MCs. Averages from the extracellular fraction of MCs, described as %
dissolved MCs in lake water, were ~ 90% from the six sample dates that had detectable
levels of MCs in this filtrate fraction and 64% when including “below detectable limits”
(BDL) values (n=8). In Christine Lake, the % dissolved MC was most significant in
winter and fall at 85% and 106% dissolved MCs in lake water. Spring and summer
samples did not have detectable levels of MCs in this fraction of the lake water and was
therefore reported as 0% dissolved (not included in determining 90% average overall).
However, MCs in the filtrate (representing picoplankton; < 2 m) increased in spring and
the filtrate representing nanoplankton and picoplankton (< 50 m) increased in summer
(Figure 12, Table A-2). In Willand Pond, % dissolved MCs was 153% in winter, 76% in
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spring, 59% in summer and 62% in fall. The highest % dissolved MCs occurred in winter
and spring in Willand Pond (Figure 13). However, the MCs in the filtrate representing
picoplankton (<2 m) increased in summer and fall (~60%) and the filtrate representing
nanoplankton and picoplankton (<50 m) were increased in summer for Willand Pond,
as was also observed in Christine Lake.
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Figure 12. Microcystins (MCs) in Christine Lake water fractions; whole lake water
(net, nano, pico and dissolved MCs), < 50 m (nano, pico and dissolved MCs), <
2.0 m (pico and dissolved MCs) and < 0.2 m (dissolved).
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Figure 13. Microcystins (MCs) in Willand Pond water fractions; whole lake water
(net, nano, pico and dissolved MCs), < 50 m (nano, pico and dissolved MCs), <
2.0 m (pico and dissolved MCs) and < 0.2 m (dissolved).
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Bioaccumulation of Cyanotoxins in Plankton Communities
The seasonal bioaccumulation ratios for cyanotoxins were variable for both
toxins and each lake. When comparing the cyanotoxins of these ratios between net
zooplankton and net phytoplankton, generally higher ratios were observed for BMAA
toxins over MCs (Tables 13-16). Higher rates of bioaccumulation of both MCs and
BMAA were found in Christine Lake over Willand Pond. MC bioaccumulation ratios were
highest in fall for both lakes, ranging from BDL in winter to 2.43 in fall for Christine Lake
(Table 13) and from 0.21 in summer to 0.48 in spring for Willand Pond (Table 14). While
the bioaccumulation ratios for BMAA were highest in winter and fall for Christine Lake
(ranging 0.63 in summer to 5.25 in winter; Table 15), and in spring and summer in
Willand Pond (ranging 0.53 in fall to 1.65 in summer; Table 16). Bioaccumulation rates
of MCs were increased for ratios of other size categories; i.e. nanoplankton and
picoplankton (these other size fractions were not tested for BMAA). Especially high MC
bioaccumulation ratios were estimated from net zooplankton and nanoplankton ratios,
and between net zooplankton and picoplankton ratios from summer and fall in Willand
Pond. Summer ratios with nanoplankton as diets were 6.8 and in fall were 8.8, while
summer picoplankton ratios were 4.2 and in fall were 4.5.
Plankton Fractions - Microcystins (MCs)
There were considerable differences between MCs in particulates from net, nano
and pico fractions. The weight-specific MC content per plankton compartment was
variable by season, again with lower MC values in Christine Lake than in Willand Pond.
MCs were detected in phytoplankton fractions but not in net zooplankton communities in
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winter of Christine Lake (Table 13). By spring, MCs were detected in net zooplankton
with 23.5 ng MC g-1 dry weight. However, only net phytoplankton fractions had
detectable MCs at 22.7 ng MC g-1 dry weight during this time. The summer samples
resulted in higher MCs in net phytoplankton and lower MCs in net zooplankton in
relation to the previous spring season. MCs were not detectable in nanoplankton and
resulted in 13.87 ng MC g-1 dry weight in picoplankton. Bioaccumulation rates for MCs
were elevated by fall in Christine Lake, with MCs were detected in all particulate
fractions. Microcystins in net zooplankton was highest in fall at 54.2 ng MC g-1 dry
weight, net phytoplankton had 27.85 ng MC g-1 dry weight, nanoplankton samples had
20.24 ng MC g-1 dry weight and 27.59 ng MC g-1 dry weight in picoplankton, with fall
bioaccumulation ratios of 2.43, 2.68, and 1.96, respectively (Table 13). In Willand Pond,
MCs were also detected in all plankton compartments. Lowest values of MCs from net
zooplankton were detected in winter with 32.96 ng MC g-1 dry weight, to 317.71 ng MC
g-1 dry weight in summer. Net phytoplankton ranged from 134.75 ng MC g-1 dry weight
in winter, 236.97 ng MC g-1 dry weight in spring, 745.12 ng MC g-1 dry weight in fall, and
overall highest values in summer with 1506.52 ng MC g-1 dry weight. Bioaccumulation
ratios were overall higher in fall too. Ratios were 0.28 when net phytoplankton was the
diet, 8.78 compared to nanoplankton diets and 4.53 with picoplankton as diets (Table
14).
Plankton Fractions- Beta-Methyl-Alanine Amino acid (BMAA)
BMAA was tested from net zooplankton and net phytoplankton fractions in both
study lakes. In Christine Lake, BMAA levels ranged from 922 ng g-1 dwt in fall
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phytoplankton to 7797 ng g-1 dwt in winter zooplankton. BMAA was generally higher in
zooplankton than phytoplankton, except for in summer when BMAA levels in
phytoplankton increased to 1937 ng g-1 dwt. Willand Pond generally had higher levels of
BMAA in phytoplankton than Christine Lake. Though BMAA was highest in fall
phytoplankton (5794 ng g-1 dwt) in Willand Pond, it was also the only sampling time
where BMAA wasn’t increased in zooplankton. Winter BMAA accumulations were 1:1 in
Willand Pond, compared to 5:1 in winter for Christine Lake (Tables 15 and 16).
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Table 13. Weight-specific microcystins (ng MCs g-1 dwt) from plankton
compartments; net zooplankton, net phytoplankton, nanoplankton, and
picoplankton. Comparison of ratios of MCs in zooplankton (consumer) to
phytoplankton fractions (diet) in Christine Lake.

Lake

Month

Christine February
Winter

Christine

Christine

average
SE
May
Spring
average
SE
August
Summer

average
SE
Christine November
Fall
average
SE

Net Zooplankton

Net Phytoplankton

BDL
BDL
BDL
BDL

80.64
52.32
54.28
62.41
9.13
27.18
28.35
12.69
22.74
5.04
41.71
45.94
80.13
55.93
12.16
28.62
13.00
41.92
27.85
8.36

22.19
32.83
15.62
23.55
5.01
8.77
2.43
4.57
5.26
1.86
60.16
51.63
50.83
54.20
2.99

Nano-plankton Pico-plankton
2.80
1.88
1.44
2.04
0.40
BDL
BDL
BDL
BDL

15.41
16.35
16.64
16.14
0.37
BDL
BDL
BDL
BDL

BDL
BDL
BDL
BDL

18.91
10.86
11.85
13.87
2.53
46.10
11.25
25.40
27.59
10.12

23.74
25.76
11.22
20.24
4.55
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Ratio
NetZ: NetP
BDL
BDL
BDL
BDL

Ratio
NetZ:NanoP
BDL
BDL
BDL
BDL

Ratio
NetZ:PicoP
BDL
BDL
BDL
BDL

0.82
1.16
1.23
1.04

BDL
BDL
BDL
BDL

BDL
BDL
BDL
BDL

0.21
0.05
0.06
0.09

BDL
BDL
BDL
BDL

0.46
0.22
0.39
0.38

2.10
3.97
1.21
2.43

2.53
2.00
4.53
2.68

1.30
4.59
2.00
1.96

Table 14. Weight-specific microcystins (MCs) from plankton compartments (ng
MC g-1 dwt); net zooplankton, net phytoplankton, nanoplankton, and
picoplankton. Comparison of ratios of MCs in zooplankton (consumer) to
phytoplankton fractions (diet) in Willand Pond.
Lake

Month

Willand

February
Winter

Willand

Willand

Willand

average
SE
May
Spring
average
SE
August
Summer
average
SE
December
Fall
average
SE

Net Zooplankton Net Phytoplankton
33.80
32.17
32.90
26.44
32.96
0.41
142.76
200.44
298.14
114.54
59.44
447.23
188.18
326.05
317.71
105.75
321.83
193.90
269.86
207.16
62.73

Ratio
Ratio
Ratio
NetZ: NetP NetZ:NanoP NetZ:PicoP

Nano-plankton

Pico-plankton

143.62
109.15
151.50

33.52
73.03
23.24

40.86
17.78
64.97

0.24
0.29
0.22

1.01
0.44
1.42

0.83
1.81
0.51

134.75
13.00
335.16
362.73
344.68
236.97
112.26
1364.48
1648.56
1784.99
1506.52
115.98
1003.46
1115.92
1249.12
745.12
316.24

43.27
15.17
426.01
699.40
656.09
380.19
198.84
58.02
34.86
79.42
46.44
9.46
29.61
31.73
33.28
23.60
7.10

41.20
13.62
71.36
137.17
267.17
122.33
35.69
78.88
91.40
56.64
75.64
5.11
71.36
69.20
37.28
45.74
21.73

0.24

0.76

0.80

0.43
0.55
0.86
0.48

0.34
0.29
0.45
0.30

2.00
1.46
1.12
0.94

0.33
0.11
0.18
0.21

7.71
5.40
4.11
6.84

5.67
2.06
5.76
4.20

0.32
0.17
0.22
0.28

10.87
6.11
8.11
8.78

4.51
2.80
7.24
4.53
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Table 15. BMAA (ng g-1 dwt) detected from net phytoplankton and net
zooplankton communities from Christine Lake. Replicates, averages, standard
error (SE) and ratios (zooplankton to net phytoplankton) reported.

Lake
Christine

Christine

Christine

Christine

Month Net phytoplankton Net zooplankton
February
1440.60
7784.90
Winter
1383.80
7730.90
1634.00
7874.90
average
1486.13
7796.90
SE
75.73
42.00
May
1847.90
2006.60
Spring
1381.40
1397.90
1534.00
2104.50
average
1587.77
1836.33
SE
137.32
221.03
August
664.50
1453.40
Summer
1940.30
684.50
3207.00
1537.40
average
1937.27
1225.10
SE
733.96
271.39
November
418.70
2762.30
Fall
962.60
1475.80
1383.40
2123.10
average
921.57
2120.40
SE
279.24
371.38
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Ratio
5.40
5.59
4.82
5.25
1.09
1.01
1.37
1.16
2.19
0.35
0.48
0.63
6.60
1.53
1.53
2.30

Table 16. BMAA (ng g-1 dwt) detected from net phytoplankton and net
zooplankton communities from Willand Pond. Replicates, averages, standard
error (SE) and ratios (zooplankton to net phytoplankton) reported.

Lake
Willand

Willand

Willand

Willand

Month Net phytoplankton Net zooplankton
February
1292.10
1067.00
Winter
1679.40
947.70
1274.80
2224.30
average
1415.43
1413.00
SE
132.08
407.11
May
2442.20
4617.80
Spring
1979.30
2976.10
2199.80
2085.70
average
2207.10
3226.53
SE
133.68
741.60
August
1538.70
3329.70
Summer
1535.10
1902.50
1731.70
2673.50
average
1601.83
2635.23
SE
64.94
412.44
December
8222.20
4695.10
Fall
3808.90
2502.40
5350.80
2033.80
average
5793.97
3077.10
SE
1293.14
820.23
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Ratio
0.83
0.56
1.74
1.00
1.89
1.50
0.95
1.46
2.16
1.24
1.54
1.65
0.57
0.66
0.38
0.53

Cyanotoxins in Reference Organisms
While the focus of this study was on zooplankton and phytoplankton, the
cyanotoxins measured from “reference organisms” were noted for discussion on the
comparison of cyanotoxins at varying trophic levels. Benthic-freshwater mussels, Elliptio
complanata, were collected from Christine Lake and pelagic, Lepomis gibbosus, were
tested. These preliminary tests were only to provide some insight into the potential
accumulation of cyanotoxins in aquatic food webs, and do not give weight to the overall
findings of this study.
Lepomis gibbosus- MCs tested from liver from (Lepomis- “A and B”) in Willand
Pond were 3.3 and 6.25 ng g-1 dwt. MCs were below detectable limits in filet tissues.
BMAA tested with liver estimates of 14.7 and 15.6 ng g-1 dwt and filet estimates of 21.1
and 36.4 ng g-1 dwt for fishes A and B, respectively.
Elliptio complanata- No fish were collected from Christine Lake, though Elliptio
was tested for MC and BMAA as another reference and comparison to the levels found
in plankton. From 3 individual mussels (“A, B, C”), hepatopancreas MC levels were
1.79, 1.98, and 4.37 ng MC g-1 dwt and foot tissues were BDL, BDL, and 3.98 ng MC g-1
dwt. The BMAA was measured from the hepatopancreas of two of the mussels,
resulting in 23.1 and 26.4 ng g-1 dwt.
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Zooplankton Taxa - Microcystins (MCs)
The bioaccumulation of MCs of major zooplankton assemblages was compared
to the MCs in net zooplankton communities and plankton size categories. There were
no detectable levels of MCs in zooplankton in Christine Lake winter, though MCs
ranged from 2 ng MC g-1 dwt in nanoplankton, 16 ng MC g-1 dwt in picoplankton, and 62
ng MC g-1 dwt in net phytoplankton (Figure 14). By springtime, the MCs shifted to 22.7
ng MC g-1 dwt in net phytoplankton and were below detectable limits (BDL) in
nanoplankton and picoplankton. Zooplankton then had detectable MCs with 23.5 ng MC
g-1 dwt in net community samples, < 1 ng MC g-1 dwt in Copepods, 2.8 ng MC g-1 dwt in
Leptodora and 66 ng MC g-1 dwt in Bosmina (Figure 15). Summer zooplankton were
represented by mostly Daphnia spp. Daphnia catawba had 19 ng MC g-1 dwt and
Daphnia dubia had 25 ng MC g-1 dwt, compared to 5 ng MC g-1 dwt in net zooplankton
(Figure 16). If comparing the MCs in Daphnia spp. if picoplankton was the primary diet,
this would result in 1.4 and 1.8 BMFs for D. catawba and D. dubia. Finally, by fall the
zooplankton taxa tested were Copepods and Daphnia, and no detectable MC levels
were found. The net zooplankton community had 54 ng MC g-1 dwt, about 2 times
higher than what was detected from net phytoplankton (27.8 ng MC g-1 dwt),
nanoplankton (20.2 ng MC g-1 dwt) and picoplankton (27.5 ng MC g-1 dwt) (Figure 17).
In Willand Pond, major assemblages of zooplankton were tested for microcystins
as well. The microcystin values in plankton were generally higher from Willand Pond. In
winter, net zooplankton communities had 26 ng MC g-1 dwt, lower than MCs from all
size fractions. However, no detectable levels were measured from individual
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zooplankton taxa tested (Figure 18). Spring samples had MCs ranging from <1 ng MC
g-1 dwt in Calanoids to > 1000 ng MC g-1 dwt in Bosmina (Figure 19). MCs measured
from Bosmina were higher than all phytoplankton size categories, representing
biomagnification. While many other zooplankton taxa resulted in biodilution of MCs.
Summer zooplankton MCs were overall higher, though no Bosmina were tested for MCs
due to low numbers in population during summer. Increased MCs were measured from
higher trophic levels of zooplankton. Summer zooplankton MCs ranged from 320 ng MC
g-1 dwt in net zooplankton communities to 350 ng MC g-1 dwt in Calanoids to 621 ng MC
g-1 dwt in Daphnia, to 662 ng MC g-1 dwt in Cyclopoids and to 936 ng MC g-1 dwt in
Chaoborus (Figure 20). Summer net phytoplankton had higher MCs than values
detected from zooplankton at 1599 ng MC g-1 dwt. MCs in summer nanoplankton and
picoplankton fractions were 57 ng MC g-1 dw and 75 ng MC g-1 dwt, respectively.
Cyanobacteria surface bloom material was also tested in Willand Pond, during spring
and summer sampling. Spring bloom samples contained 229 ng MC g-1 dwt, while
summer was 27,037 ng MC g-1 dwt (or 0.229 g MC g-1 dwt and 27.037 g MC g-1 dwt)
(Figures 19 and 20). Fall sampling resulted in the observance of Bosmina, Calanoid,
and various sizes of Daphnia spp. with MCs below detectable limits from Bosmina,
small and large Daphnia, and Calanoids. However, medium sized Daphnia had
detectable MCs at 50 ng MC g-1 dwt and 31 ng MC g-1 dwt. MCs in the net zooplankton
community was 262 ng MC g-1 dwt in the fall. MCs in net phytoplankton were 1123 ng
MC g-1 dwt, in nanoplankton were 31.5 ng MC g-1 dwt and in picoplankton were 59 ng
MC g-1 dwt (Figure 21).
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Figure 14. Winter assessment of microcystins in plankton fractions and major
zooplankton assemblages of Christine Lake.
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Figure 15. Spring assessment of microcystins in plankton fractions and major
zooplankton assemblages of Christine Lake.
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Figure 16. Summer assessment of microcystins in plankton fractions and major
zooplankton assemblages of Christine Lake.
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Figure 17. Fall assessment of microcystins in plankton fractions and major
zooplankton assemblages of Christine Lake.
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Figure 18. Winter assessment of microcystins in plankton fractions and major
zooplankton assemblages of Willand Pond.
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Figure 19. Spring assessment of microcystins in plankton fractions and major
zooplankton assemblages of Willand Pond.
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Figure 20. Summer assessment of microcystins in plankton fractions and major
zooplankton assemblages of Willand Pond.
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Figure 21. Fall assessment of microcystins in plankton fractions and major
zooplankton assemblages of Willand Pond.
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Biomagnification of Microcystins at the Base of Aquatic Food Webs
Bosmina- Microcystin bioaccumulation rates were noteworthy in Bosmina
longirostris from spring samples in both lakes. Though lower levels of MCs were
detected in Bosmina from Christine Lake, the MC bioaccumulation or biomagnification
factor (BMF) was similar to that found in Willand Pond during the springtime. The
average biomagnification factors (BMFs) were 3.1 for both lakes combined, with a BMF
of 2.9 in Christine Lake and 3.3 in Willand Pond (Figure 22). Since MCs were below
detection in Christine Lake nanoplankton and picoplankton, net phytoplankton was the
only reference size fraction to compare to during spring in Christine Lake. There were
detectable MCs in all size fractions during spring in Willand Pond, the BMF ratios for
nanoplankton as diets would be lower at 1.7, but higher if picoplankton were diets at
6.3, and the average of all diet sizes would be a BMF of 3.6. In both lakes, Bosmina
MCs were BDL in winter and in fall, and there were not enough Bosmina to test during
summer.
Daphnia- Other examples of microcystin bioaccumulation resulting in
biomagnification was observed for Daphnia spp. in summer for both Christine Lake and
Willand Pond. However, BMFs could only be observed from estimates of nanoplankton
and picoplankton fractions as sources, as biodilution of MCs resulted when net
phytoplankton were the calculated diet. In Christine Lake, D. catawba had a BMF of 1.4
and D. dubia had a BMF of 1.8 if picoplankton were the diets. Nanoplankton fractions
were BDL during this time. Fall and spring Daphnia spp. also were BDL in Christine
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Lake. In Willand Pond, Daphnia spp. (mix of D. catawba and D. ambigua) had BMFs of
10.8 from nanoplankton and 8.2 from picoplankton in summer. These ratios were lower
by fall, with 1.5 MCs BMF from nanoplankton and 0.8 BMF if picoplankton were diets for
medium-sized Daphnia. The ratios were even lower when estimating BMF from other
isolated categories of Daphnia spp. such as the mixed size category, the small and the
large size categories for Daphnia. Average Daphnia spp. were represented with BMFs
of 0.9 from nanoplankton diets and 0.5 from picoplankton diets. No detectable levels of
MCs were found in small and large-sized Daphnia spp. during this time.

Figure 22. Biomagnification in Bosmina longirostris resulted, on average, 3.1 X
higher in MCs than net phytoplankton MCs in spring samples for both lakes.
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DISCUSSION
Seasonal Succession
The succession of plankton was described based on major zooplankton and
phytoplankton assemblages for each sampling period. Details of the seasonal
succession of plankton composition were recorded to better understand the ecology and
interactions of toxic cyanobacteria with the primary consumers that may consume them.
The PEG model (plankton ecology group) was modified from Sommer et al 1986, to
display the relative changes in the major phytoplankton phylogenetic groupings and
zooplankton taxa each season in Figures 7 and 8. The PEG model indicates the relative
changes and succession of plankton throughout the year outlining the shifts of
phytoplankton and zooplankton together (Sommer et al. 2012; Sommer 1986). Net
zooplankton abundances peaked in spring in both lakes, with just under 100
macrozooplankton L-1 (Figure 7 and 8). Also found in both lakes, was a larger
percentage of Bosmina of the net zooplankton community in spring, while % abundance
of Daphnia was highest in summer. Zooplankton abundance increased in spring,
consistent with Sommer’s 1986 PEG model. Increased grazer intensity in spring
typically creates a “clear water phase”, as zooplankton graze on phytoplankton,
intensely decreasing the concentrations of phytoplankton in the system (Sommer 1986).
The general diagram displays a spring and summer net phytoplankton maxima with
small phytoplankton abundant in spring and large forms in summer. The clear water
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phase occurs between these periods of maximum phytoplankton abundances, that
begins with large zooplankton and succeeds to smaller species. However, the PEG
model suggests that this pattern is reduced in more oligotrophic systems, causing no
clear water phase (Sommer 1986). The succession of zooplankton in the study lakes
are consistent with the Sommer model and reflect the interactions and abundance of
cyanobacteria over the year as well.
Significant and diverse populations of cyanobacteria were observed throughout
the year in both study lakes. Microcolonies of the picocyanobacteria taxon,
Aphanocapsa, were quite dominant in oligotrophic, Christine Lake. In Willand Pond,
there was a greater diversity of toxic cyanobacteria, mostly comprised of Microcystis
until summer when Oscillatoria became the dominant species (though at a micro
stratified layer, within deeper depths of ~ 7 m). The deep layer was noted by
phycocyanin fluorescence, a unique pigment of cyanobacteria used to track the
distribution of cyanobacteria (Ahn et al. 2007; Oh et al. 2001; Beutler et al. 2002). The
vertical distribution of cyanobacteria was variable by season as noted by the profiles of
phycocyanin. Vertical differences in toxicity can result from the vertical distribution of the
cyanobacteria (Albay et al. 2002). Though the cyanobacteria composition was identified
and enumerated, depth and taxon-specific toxicity was not determined. Cyanobacteria
concentrations were highest in spring and fall in Christine Lake and in spring and
summer in Willand Pond. Christine Lake had peak net cyanobacteria abundances of
nearly 800 units L-1 in fall when Merismopedia began to increase along with
Aphanocapsa (Figure 7). While concentrations of cyanobacteria were nearly double
70

those in Willand Pond during spring and summer sampling periods, representing a
greater diversity of toxigenic net cyanobacteria as well (Figure 8).
This study has demonstrated that seasonal variations within lakes can be as
different as the variabilities between lakes. Nutrient cycling by season may be important
in the consideration of the succession of cyanobacteria and rise of toxigenic species.
Cyanobacteria toxicity is dependent on the growth and abundance of cells, regulated in
part by the relative abundance of nutrients. Though there were no significant
correlations between these nutrients and cyanobacteria in my study, these ratios are
important to compare to the literature as the ratios have been discussed in numerous
studies. Cyanobacteria biovolumes were overall statistically correlated with toxin
production and nutrients using total phosphorus (TP) and total nitrogen (TN) in a study
by Dolman (2012). Total phosphorus ranged from 5- 354 g L-1 (median 42.3 g L-1),
and total nitrogen ranged from 215-2500 g L-1 (median 907 g L-1); creating a median
TN:TP ratio of 21.8 (ranging 2.8-96), and TN:TP ratios were positively correlated with
cyanobacteria biovolumes and ultimately cyanotoxicity (Dolman et al. 2012). In one
study, a threshold of 25 was a TN:TP ratio that marked the onset of cyanobacteria
proliferation. In lakes where TN:TP ratios were > 25 g L-1 systems were described as
eutrophic, while ratios < 25 g L-1 were oligotrophic (Pick and Lean 1987). While there
were generally higher levels of cyanotoxins and more diversity of toxic species in the
meso-eutrophic systems, no significant relationships were drawn between overall lake
water conditions and cyanobacteria abundances. Nutrient ratios of TN:TP were also
described in mol L-1 to compare to other TN:TP analyses in the literature. Molar ratios
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of 50 mol L-1 were described as P-deficient systems and systems with TN:TP of 20
mol L-1 were N-deficient (Guildford and Hecky 2000). Guildford and Hecky (2000)
suggested that N:P ratios explained the limiting nutrient supporting eutrophication and
the success of cyanobacteria growth in marine and freshwater systems. Spring nutrient
ratios for Christine Lake were > 25 (eutrophic) and > 50 molar (P-limited). In Christine
Lake, TN:TP ratios were 29.5 in spring, 23.9 in summer and 8.9 in fall (winter not
measured). The molar TN:TP ratios were 65.2, 52.8 and 19.7 for Christine Lake.
Summer ratios varied around these thresholds, with TN:TP < 25 (oligotrophic) and ~ 50
molar (P-limited). Then a shift occurred in fall where ratios were < 25 (oligotrophic) and
~20 molar (N-limited). In Willand Pond, the TN:TP ratios were only determined from
spring and summer samples. Spring ratios were 22.4 (oligotrophic) and 49.3 molar (Plimited), while summer ratios were 30.3 (eutrophic) and 66.9 molar (P-limited). In
comparison, when examining data from 246 Canadian water bodies, Orihel et al. (2012)
found highest microcystin concentrations were in hypertrophic lakes with N:P mass
ratios of <23. The seasonal variations in Christine Lake revealed that highest
concentrations of cyanobacteria and MCs corresponded to the lowest N:P mass ratio
(8.9 g L-1) in the fall, due largely to an abundance of TP (46 g L-1) during fall overturn.
In a broad study of 221 lakes in 14 countries, N-limitation was associated with low N:P
mass ratios of <14 and with TP >30 g L-1 (Downing and McCauley 1992). Thus, from
the perspective of microcystins and cyanobacteria dominance, it appears the highly
oligotrophic Christine Lake became functionally similar to eutrophic lakes during the fall
overturn period. Seasonal variations within lakes can be as different as separate lakes
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and nutrient cycling by season may be important in the consideration of the succession
of cyanobacteria.
Bioaccumulation of Cyanotoxins
The bioaccumulation of cyanotoxins from cyanobacteria to various assemblages
of zooplankton can be outlined in several ways (Figure 23 and 24). Bioaccumulation
accounts for anything that is transferred from the diet to the consumer. Biomagnification
is described as small amounts accumulating to larger quantities, evident when the ratio
between consumers and their diets is greater than 1, and often diagramed as an
“upside down triangle” (Figure 1). Though the pattern may shift to a “diamond” if the
next trophic link has lower quantities than its diet (Figure 25). If biodilution is displayed,
the pattern is diagrammed as a “triangle” and if the next trophic link has higher
accumulations, then an “hour glass” shape can be described (Figure 25). Therefore, the
patterns for bioaccumulation may vary depending on how many trophic links and
feeding behaviors are represented.
Observations of biomagnification and biodilution of cyanotoxins were recorded in
zooplankton communities for both microcystins and BMAA. However, the
bioaccumulation factors varied by toxin, lake, taxa and season. For example, MC
biomagnified from cyanobacteria to Daphnia in Christine Lake, and then biodiluted from
Daphnia to Leptodora, thus displaying a (diamond) pattern for bioaccumulation of MCs
in this specific trophic linkage. In Willand Pond, MCs biomagnified from cyanobacteria to
both Daphnia and Bosmina, and additionally biomagnified from these cladocerans to
Chaoborus, displaying an overall patter of biomagnification (or upside-down triangle) in
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this food chain example. Identifying these patterns are important in understanding the
route of bioaccumulation and the various potential pathways of cyanotoxins to higher
trophic levels.
Bioaccumulation is the result of a consumer’s diet and is dependent on the
organism’s ability to remove, detoxify or magnify the toxins from its diet. MCs were
observed to biomagnify under certain scenarios in this study, but the biomagnification
factor varied by zooplankton taxa and the time of year for both of the study lakes. Based
on a relatively few studies, microcystins appear to generally biodilute as they transfer
through aquatic food webs (Kozlowsky-Suzuki et al. 2012; Ibelings et al. 2005; Haney
and Ikawa 2000). Many of these findings are based on the toxicity measured from
zooplankton communities. However, zooplankton taxa have different diets and feeding
behaviors and therefore the rate of toxin bioaccumulation is dependent on the diet of the
consumer and individual. In addition, some zooplankton have demonstrated the ability
to adapt or detoxify certain toxins. For example, Daphnia appear to have evolved
behavioral adaptations to their increasingly toxic environments due to rises in
cyanobacteria (Haney and Lampert 2013). Some organisms use special feeding
mechanisms to avoid consuming toxic cyanobacteria and may use glutathione (GSH)
and cysteine (Cys) pathways to aid in detoxification of microcystins (He et al. 2012;
Zhang et al. 2012). Peptide production of microviridins have also been attributed to the
inhibition of ingestion in Daphnia (Kaebernick et al. 2001). Thus, factors may reduce the
bioaccumulation of cyanotoxins in certain zooplankton and biodilution is dependent on
the adaptations of the consumers. Carmichael (1994) discusses that the adaptability of
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Daphnia and zooplankton to their given food source is likely since zooplankton will
adjust to their diet when no other food source is available. Biodilution may be the results
of the zooplanktons ability to reduce the intake of cells and remove toxic particles. At
the same time, adaptations by the cyanobacteria to reduce the impact of grazers may
also lower the transfer of toxins (co-evolution of both consumers and cyanobacteria).
For example, Passoni (2000) found that cells of Aphanocapsa would colonize in the
presence of grazers. There are many speculations that the purpose of cyanobacteria
growth and toxicity is to reduce overall grazing pressure (Lampert 1987).
Microcystin concentrations were lower in lake water and plankton fractions of
Christine Lake than in Willand Pond. Microcystins were detected in plankton size
fractions (in both lakes) and thus potentially contribute to the toxin accumulation to the
higher trophic levels. Grazing of cyanobacteria by zooplankton is largely dependent on
the size and shape of edible particles. Many of the zooplankton are limited in their ability
to graze on certain seston by size, and consideration of toxin accumulation based on
feeding behavior were a major focus in this study. Since size-limitation can be an
importance factor regulating zooplankton grazing, the highlighted zooplankton grazers
in the present study (Figure 26) represented the likely source of food based on size;
from fine particle feeding Daphnia to coarse feeding Holopedium, with Bosmina having
feeding preferences that overlap with the other cladocerans (Gliwicz and Lampert 1990;
Gliwicz and Umana 1994; Brooks and Dodson 1965). However, bioaccumulation
estimates based on isolated food fractions could result in inflated estimates toward
biomagnification, if the fraction is only part of the total diet of the consumer. For
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example, certain zooplankton are more selective on their food choices than just sizeconstraints. Calanoid-copepods have been suggested to avoid toxic cyanobacteria and
thus could be selective based on toxigenic properties as well. Many studies have
observed that copepods are more selective in their ability to consume cyanobacteria.
Demott and Moxter 1991 concluded that some copepods may discriminate against toxic
strains of cyanobacteria and found Diaptomus was more sensitive to purified MC-LR
than Daphnia.
The ratios of cyanotoxins in the consumer (zooplankton) and the cyanotoxins in
the producers (net phytoplankton, nanoplankton, and picocyanobacteria) were
seasonally compared in this study. This simple approach highlights the findings that
cyanotoxins vary with seasonal changes, that are driven by both bottom up and top
down effects, including physical and chemical factors, food web dynamics, as well as
size and composition of cyanobacteria taxa. The ratio of weight-specific toxicity of net
zooplankton and net phytoplankton were estimated, with varying patterns from each of
the lakes (meso-eutrophic, Willand Pond and oligotrophic, Christine Lake) and toxins
tested (microcystins and BMAA). These variations were influenced by the cyanobacteria
composition and toxicity at the base of the food web, but the changes were also due to
the composition and feeding behaviors of the net zooplankton consumers over time.
The bioaccumulation ratios were derived as ratios of cyanotoxins in Zooplankton
(consumers) over cyanotoxins in Phytoplankton (diets), concurrently for each season
(Z:P; Zcyanotoxins:Pcyanotoxins). In addition to the assumption that a particular size fraction
was the major source of toxins, another major assumption was that the toxin content of
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the zooplankton was the result of consumption of toxins represented at the time of
sampling. However, it was not determined whether there may be a seasonal or daily lag
in these ratios; i.e. should the diets of a previous season or day be compared to
consumers in the current season? This may be significant for longer-lived organisms.
For example, does Chaoborus accumulate MCs from the previous season or over a
longer time period than Bosmina or Daphnia? Do cyanotoxins in net zooplankton
communities represent an accumulation from sources from previous days? With the
long sampling intervals in this study and the dynamic nature of plankton communities, it
was not possible to attempt to correct for possible time lags. However, previous days of
seasonal cyanotoxicity may also be a consideration that should be made in describing
the bioaccumulation to higher trophic levels, especially in those toxins accumulated in
longer-lived species such as Chaoborus (~ 1 year +). Bioaccumulation of toxins in
longer lived organisms could reflect conditions from previous seasons unlike some of
the phytoplankton and other zooplankton.
Also, species may undergo ontogenic shifts in their food habitats as they
develop. This is especially true for species that have major metamorphic changes, such
as cyclopoid copepods that are often carnivorous, but whose nauplii generally feed on
smaller particles, competing with Daphnia for nanoplankton (Lampert 1978). It is also
unknown whether the different growth stages of Daphnia may influence the
accumulation of such toxins in tissues. It is noteworthy that medium-sized Daphnia had
higher MCs than small and large Daphnia in Willand Pond during fall sampling. Is it
possible that medium-sized Daphnia can more efficiently process toxic cyanobacteria
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from an “ideal” size range? When comparing MC ratios of diets and consumers,
increased MC bioaccumulation ratios were observed in fall samples when nanoplankton
was considered the food source for zooplankton communities. Although the
nanoplankton size class represents a broad size range for herbivores and omnivores,
the size range encompassed by this category (2-50 m) includes many of the
cyanobacteria that commonly occur as toxigenic colonial forms (e.g Microcystis,
Woronichinia, Anabaena). It is inevitable that the intermediate size range of the
nanoplankton should include both the growth and decay of colonies of toxic
cyanobacteria to and from the net size class. It is also well known that
picocyanobacteria, such as Aphanocapsa, can colonize to net and nano sizes, while
also represented as a single-celled picocyanobacteria (Passoni and Callieri 2000).
Therefore, the nanoplankton size category contains an ideal size range of food sources
and broad range of toxic cyanobacteria that may be suitable for herbivores and
omnivorous feeders. For these reasons, nanoplankton may be considered “just right” as
a size fraction that could be an efficient route for MC bioaccumulation to higher trophic
levels, referenced here as the “goldilocks theory” (Figure 26). The nanoplankton size
category also represents organisms of the microbial food loop, not identified in this
study. This raises question to the importance and contribution that the microbial food
loop has in the bioaccumulation of MCs to higher trophic levels. Relatively few studies
have evaluated the importance of protozoa, flagellates, HNFs and ciliates as links of
toxin transfer and ingestion of toxic cyanobacteria, however recent research stresses
the significance of the microbial food loop (Moore et al. 2019; Guildford et al. 2008). It is
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notable that the highly variable species-specific effect of cyanotoxins on
microzooplankton could have significant effects on the transfer of cyanotoxins to higher
trophic levels (Moore et al. 2019; Guildford et al. 2008; Haney and Lampert 2013;
Thostrup and Christoffersen 1999; Havens 1998). Future studies should consider
nanoplankton as an important link in the transfer of cyanotoxins to higher trophic levels
through the aquatic food web, as nanoplankton may feed many of the primary and
secondary consumers of plankton food webs (Moore et al. 2019; Burns 1987; Haney
1987).
Microcystins (MCs)
The findings on bioaccumulation rates of MCs by zooplankton taxa highlight the
importance of species-specific variation of MC-uptake in the zooplankton populations.
Overall there were measurable accumulations of microcystins in zooplankton
assemblages, though some organisms were found with significantly higher levels than
others. Probable routes of cyanotoxin consumption were based on feeding behaviors of
the major taxa reported in the literature (These connections were further supported by
the analyses of stable isotopes for Carbon and Nitrogen to link the potential links and
transfer of cyanotoxins to higher trophic levels as outlined in chapter 2). Zooplankton
hold an important link in aquatic food webs as many directly graze on a great diversity
of phytoplankton and bacteria, as others are capable of consuming protozoans and
other zooplankton typically of a lesser size. Each aquatic system is unique and dynamic
in these various interactions from primary to secondary and tertiary consumption at the
planktonic level. Direct food interactions between cyanobacteria and primary consumers
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are apparent in interpreting the transfer of microcystins from cyanobacteria to the tissue
of primary consumers, such as herbivorous zooplankton, invertebrates, and herbivorous
fish (Eriksson et al. 1989; Zhang et al. 2009).
Bosmina and Daphnia spp. as Vectors for Biomagnification of Microcystins in
Aquatic Food Webs
Both lakes had elevated concentrations of MCs in Bosmina and Daphnia during
spring and summer sampling times (Figures 15, 16, 19 and 20). These cladocerans
were identified as zooplankton taxa that could biomagnify MCs, especially during spring
and summer amongst the study lakes. The higher MC content in Bosmina compared to
MCs in all sizes of diets was evidence for biomagnification, with a BMF of 3.1 on
average, highlighting this small cladoceran as a potentially important vector for
biomagnification of microcystins (Figure 22). The relationship of Bosmina density and
MC accumulations to higher trophic levels has been addressed minimally and has been
questioned in few previous studies. However, this is the first published record of weightspecific toxicity and bioaccumulation of MCs by Bosmina isolated from natural lake
systems. Some laboratory studies have also suggested that Bosmina are able to
consume toxic cyanobacteria more readily than other zooplankton groups. For example,
Fulton (1988) fed Bosmina longirostris toxic strains of Microcystis aeruginosa,
suggesting that Bosmina were resistant to the toxicity and may have a mechanism for
detoxification. Though no measurements of MC from Bosmina were conducted.
Compared to other filter-feeders such as Daphnia, Bosmina did not reduce their filtering
rates or behave selectively in consuming toxic cyanobacteria (Fulton 1988). Sotton et al.
(2014) found that Daphnia and Chaoborus were major vectors for MC transfer to
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whitefish, while the small cladoceran, Bosmina, did not contribute directly to this MC link
in this food web.
MC concentrations in three levels of an aquatic food web (phytoplankton,
zooplankton, and sunfish (Lepomis gibbosus)) were outlined by Smith and Haney
(2006). It was noted that Bosmina longirostris appeared to be an important species for
the accumulation of MC in zooplankton and was ultimately identified as a likely vector of
MC to sunfish (Lepomis gibbosus). However, MCs from individual taxa were not tested.
Instead, increased densities of Bosmina were correlated with increased toxicity of the
zooplankton and increased with MCs measured from the livers of Lepomis in the study
by Smith and Haney. Interestingly, sunfish retained MC in their liver and muscle tissues,
showing no significant changes in toxin concentration over 2 weeks of fasted
depuration, and supporting that MC bioaccumulation may be related to the history of
toxin exposure. For comparison, in my study, MC biomagnified in Bosmina in spring
when the density of Bosmina was approximately 15 L-1 (%16) and 14 L-1 (%15) of the
net zooplankton population for Christine Lake and Willand Pond, respectively.
Comparing the Bosmina density in my study lakes with the graphic relationship in Smith
and Haney, the liver MC in sunfish should be between 3-4 ng g-1 wet weight or roughly
20-27 ng g-1 dry weight (dwt) (assumed 15% dwt conversion for discussion). However,
this would likely vary between lakes and seasons as discussed. As a comparison, the
trophic reference for measured MC concentrations in Lepomis livers during summer in
Willand Pond were 2.2 and 4.2 ng MC g-1 dwt, lower than the predicted values from
Smith and Haney. In contrast to the pellet fed fish in Smiths paper, the sunfish from
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Willand Pond were not pellet-fed and had a much wider range of food options in
natures. It is likely that these differences were due to the higher toxin-content of the
food sources in Smith and Haney than was found in the current study.
For comparisons to other herbivores in my study, Daphnia were also highlighted
as having the ability to biomagnify MCs. Daphnia often reduce filtering rates and
increase post-abdominal rejections in the presence of toxic cyanobacteria, especially
when larger colonies or filaments were the food source and also when only the
cyanobacteria toxins are present (Haney et al.1995). Other studies have observed
difficulty for Daphnia to ingest toxic cyanobacteria, due to toxicity and size (Demott et al.
1991; Haney 1987; Burns 1987; Haney and Lampert 2013). When comparing Daphniids
to smaller Cladocera, such as Ceriodaphnia and Bosmina, Daphnia had much greater
reductions in their filtering rates. Ghadouani et al. (2003) also tested the ability for
Daphnia to graze on natural communities of cyanobacteria of Aphanizomenon,
Anabaena, and Microcystis with similar findings. However, DeBernardi et al. (1981)
demonstrated the ability of Daphnia to consume small colonies of Microcystis
aeruginosa without negative effects. Certainly, smaller colonies may be more easily
handled by Daphnia, and cyanobacteria toxicity may increase with cell and colony
growth over time (Figure 28).
Other major zooplankton taxa had variable bioaccumulations of weight-specific
MCs as well. Holopedium gibberum, is also a zooplankton taxon that was present in
Christine Lake. Though these large-bodied cladocerans are often considered to be
grazers, they also behave as omnivores, consuming microzooplankton and larger net
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phytoplankton including colonial cyanobacteria (Moore et al. 2019 Guildord et al. 2008;
Allan 1973). However, Holopedium were only numerous enough to isolate in spring from
Christine Lake and did not have measurable levels of microcystin at the time. This is an
interesting comparison to that of Bosmina and Daphnia during the same time frame.
While cladocerans are filter-feeders, largely considered to be grazers, there are some
exceptions and a wide range of feeding behaviors exist for this group of zooplankton.
For example, Leptodora kindti were also collected from Christine Lake. Clear and
elusive, Leptodora kindti, are large-bodied and mainly a predatory cladoceran that feeds
on other zooplankton. Though they were not a significant portion of the plankton
densities throughout the vertical water column, several were collected for the
determination of MC accumulation. Relatively low levels were detected from these
zooplankton, with 3 ng MC ng g-1 dwt in spring. However, since this organism is quite
larger, the total MC content per individual may be significant as another possible vector
for MC accumulation to higher trophic levels. While L. kindti is considered a predator,
and may consume cyclopoids such as Mesocyclops.spp., Mesocyclops may also
consume L. kindti (Chang and Hanazato 2005). Therefore, these two zooplankton taxa
could be bioaccumulating MCs in both directions. Leptodora represent a secondary
consumer in my study, observed to be a link that may bioaccumulate MCs though at
lower weight-specific levels.
Tertiary consumers who feed on zooplankton are potentially bioaccumulating
toxins such as MCs within their tissues. Bosmina and Daphnia are common diets of
some of the tertiary consumers in planktonic food webs. For example, Chaoborus in
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Willand Pond (Figure 29) and the Leptodora in Christine Lake are considered the
tertiary consumers in these food web examples. Though the dynamics of these food
webs are changing throughout the seasons, these two predators could represent the
indirect bioaccumulation of MCs from cyanobacteria. It is unknown whether the MC
accumulation in Chaoborus in summer could be linked to increased MC toxicity of
Bosmina from the previous spring. By summer, few Bosmina could be found to test for
MCs. At the same time, Chaoborus were thriving in the water column and had MC
levels near 1000 ng g-1 dwt, as was detected in the spring Bosmina. The higher trophic
consumer or secondary consumers in these food web examples reveal that the
predatory zooplankton are accumulating MC-toxins, and that more detailed studies
directed at invertebrate predators are needed.
Beta-Methyl-Alanine Amino acid (BMAA)
Since the primary focus of the current study was the cyanotoxin microcystins,
individual taxa of zooplankton and cyanobacteria were not explicitly tested for BMAA,
however both cyanotoxin accumulations (of BMAA and MC) were evaluated at the
community plankton level in these lake food webs. Overall, BMAA concentrations in the
net plankton ranged from 922 in to 7797 ng BMAA g-1 dwt in both Christine Lake and
Willand Pond, respectively. While Willand Pond had a greater range of BMAA in the net
phytoplankton, the range of BMAA in Christine Lake was larger in the zooplankton,
reflective of higher zooplankton bioaccumulation rates. Highest phytoplankton BMAA
concentrations were found in fall net phytoplankton in Willand Pond (5794 ng BMAA g-1
dwt) and winter zooplankton of Christine Lake (7797 ng BMAA g-1 dwt). BMAA was also
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tested on two pumpkinseed (Lepomis gibbosus) with liver and filet muscle estimates of
9.79 and 10.40 ng g-1 dwt and 14.05 and 24.24 ng g-1 dwt, respectively. In Christine
Lake, BMAA was measured from the hepatopancreas of two freshwater mussels
(Elliptio complanata), resulting in 23.1 and 26.4 ng g-1 dwt. These results from the
ELISA analyses were similar to those of Spacil et al. (2010) using LCMS detection of
BMAA for cyanobacteria (1900 ng BMAA g-1 dwt), but much lower in filter feeders such
as oysters, Ostrea edulis, (4700 ng BMAA g-1 dwt) and lower in whitefish, Coregonus
lavaretus, (4900 ng BMAA g-1 dwt). While the bioaccumulation of BMAA in different
organisms and different systems cannot be directly compared, the relative differences of
BMAA at each trophic level are important to note.
The BMAA have been detected in various cyanobacteria isolates from around the
world (Jonassan et al. 2010). The BMAA levels measured from net phytoplankton and
net zooplankton in the New Hampshire lakes were much higher than recorded in the
Baltic Sea by Jonassan et al. (2010) where they found 1-300 ng BMAA g-1 dwt in the
cyanobacteria community. This study also detected BMAA in the net zooplankton
community, but with much wider range of 3700- 87,000 ng BMAA g-1 dwt. Further, the
brain tissue of Scophthalmus maximus (turbot) was tested and ranged from 990-1290
ng BMAA g-1 dwt (Jonassan et al. 2010). The range of BMAA in net phytoplankton and
net zooplankton in my study were at the lower level range of BMAA detected in the
symbiotic Nostoc tested from the Guam cycad roots (200-37,000 ng BMAA g-1 dwt)
(Cox 2003). Highest BMAA detections in this study (zooplankton and phytoplankton)
were within range of the results from the brain tissue of the Brains of Chamorro and
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Canadians who died of ALS had on average 6600 ng BMAA g-1 dry weight (Cox 2003).
BMAA levels in cycad fruit flesh had ~9000 ng BMAA g-1 dry weight, biomagnified from
the free-living cyanobacteria at just 300 ng BMAA g-1 dry weight. Though the root
symbiont range of this cyanobacteria resulted in 2,000-37,000 ng BMAA g-1 dry weight.
The range of BMAA detection presented here overlaps with findings in the Guam study.
Questions have been raised as to the possible relationship between BMAA and the 25 x
increase in the incidence rate of amyotrophic lateral sclerosis or ALS in the Northern
New England Mascoma Lake, NH (Banack et al. 2015; Caller et al. 2009). The present
study suggests BMAA is present in the plankton and higher trophic levels in lakes of
high and low productivity. Future studies should examine in greater detail the transfer
of BMAA in lake food webs to evaluate the possible role of this neurotoxin as an
environmental trigger for neurological disorders (Murch et al. 2004; Banack et al. 2001).
Bioaccumulation of BMAA in Willand Pond zooplankton ranged from 0.53 in fall
to 1.65 in summer. A direct 1:1 ratio was observed in winter ZBMAA:PBMAA and a
comparable ratio to summer of 1.46 was observed in spring in the Willand Pond system.
Christine Lake BMAA cyanotoxin ratios ranged from 0.63 in summer to 5.25 in winter
(1.16 in spring and 2.3 in fall). If we apply a seasonal lag and estimate the ratios based
on diets of the previous season, there is a slightly higher shift in the biomagnification
ratios in net zooplankton ranging from 0.24 in winter (if assumed cyclical from fall to
winter as the previous year was not measured in this study) to 2.28 in spring (1.19 in
summer and 1.92 in fall) for Willand Pond. The ratio then shifts from 0.77 in summer to
8.46 in winter for Christine Lake (if, again, assumed the pattern of BMAA production is
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cyclical from fall to winter as the previous year was not measured in this study). The
higher accumulation in winter zooplankton from Christine Lake is interesting, and
opposite in seasonal occurrence to the findings of BMAA in ratios of ZBMAA:PBMAA in
Willand Pond. Again, the questions of lag on the accumulation of cyanotoxins in
zooplankton may be significant, and rates likely vary between cyanotoxins but this was
not determined here. Future studies should consider the rate of cyanotoxin
bioaccumulation in nature more carefully.
Conclusions
The bioaccumulation of microcystins (MCs) and beta-methyl alanine amino acid
(BMAA) by zooplankton communities occurred in the two study lakes. This investigation
is one of few that has measured BMAA and MCs in tandem from zooplankton and
phytoplankton size fractions, in an attempt to better define the bioaccumulation of
cyanotoxins from plankton compartments in these lake systems. Food web delineations,
tracking the major zooplankton, revealed the various ways in which microcystins may
accumulate to higher trophic levels based on zooplankton interactions, feeding behavior
and toxic cyanobacteria. The complex interactions between cyanobacteria and
zooplankton have been described in previous studies, though with limitations. Food web
interactions are difficult to define and to generalize to other systems. While controlled
laboratory studies have often focused on the ability for certain organisms to accumulate
cyanotoxins, they do not explain how this bioaccumulation occurs in nature. Of course,
in contrast, field studies cannot completely outline every regulating influence or aspect
of lake food web dynamics. Therefore, it is important that further attention and continued
87

research is supported on the complex interactions of toxic cyanobacteria in aquatic food
webs and beyond. Special attention should be given to zooplankton composition and
structure in determining vectors of the toxin through zooplankton which may vary by
feeding behavior or taxa.
The bioaccumulation for MCs and BMAA was based on zooplankton
communities and individual zooplankton taxa, separately. The described ratios of
cyanotoxins from diet to consumers could only be compared based on zooplankton
community. However, this study focuses on the significance that individual zooplankton
taxa contribute to the pool of cyanotoxins in these communities. Such studies have not
been well documented for individual zooplankton taxa who have varying feeding
behaviors and abilities in consuming toxic cyanobacteria. While many of the
zooplankton taxa exhibited bioaccumulation of MCs, the levels varied by species and
seasons. For example, some zooplankton such as copepods had decreased levels (or a
biodilution) of MCs, though this was variable by season. Some zooplankton had
increased levels of MCs (biomagnification), and this was most evident during spring
sampling periods. Bosmina and Daphnia were highlighted as potential vectors in the
biomagnification of microcystins. The transfer of MCs from cyanobacteria to higher
trophic levels is an important topic to explore, as the accumulation rates of such toxins
can vary from organism to organism. The transfer of MCs is largely dependent on the
source, who is producing the MC as well as the consumer, and who can easily consume
such toxic cyanobacteria.
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Figure 23. Hypothetical food web for Christine Lake based on lake compartments
and size fractions observed. All seasons of zooplankton groups included.
General route of potential cyanotoxin transfer from size fractions represented by
short, thick vertical arrows. Potential cyanotoxin transfer outlined to zooplankton
by feeding behavior and interaction with cyanobacteria by size. Potential transfer
routes or pathways are marked by large, solid arrows for net phytoplankton,
medium, dashed lines for nanoplankton and small, dotted lines for picoplankton.
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Figure 24. Hypothetical food web for Willand Pond based on lake compartments
and size fractions observed. All seasons of zooplankton groups included.
General route of potential cyanotoxin transfer from size fractions represented by
short, thick vertical arrows. Potential cyanotoxin transfer outlined to zooplankton
by feeding behavior and interaction with cyanobacteria by size. Potential transfer
routes or pathways are marked by large, solid arrows for net phytoplankton,
medium, dashed lines for nanoplankton and small, dotted lines for picoplankton.
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Figure 25. Ratios and patterns describing bioaccumulation; biomagnification and
biodilution. Shapes can be used to display accumulation patterns and potential
scenarios for bioaccumulation between each trophic link. Patterns of
bioaccumulation from left to right; “upside-down triangle”, “diamond”, “triangle”,
and “hourglass”.
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Figure 26. Illustrative diagram on the importance of food size and feeding
behavior for different caldocerans. The “goldilocks theory” is an idea that
nanoplankton may be an ideal size fraction and an efficient route for
bioaccumulation of MCs to higher trophic levels.
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Figure 27. Pictorial flow diagram on the potential vectors of cyanotoxin
bioaccumulation in lake food webs.
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Figure 28. Digestive track of Daphnia, consuming nano-sized cells of
cyanobacteria (4 m Microcystis UTEX2385) and a few green algae cells. Daphnia
are often limited by food size and cannot easily ingest larger particles. Left to
right; compound light, epifluorescence of chlorophyll, and epifluorescence of
phycocyanin. This view of the gut of a Daphnia is represented to demonstrate
their ability to take in small cells of toxic cyanobacteria in the laboratory and to
view under epifluorescence techniques that could be applied in future studies.
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Figure 29. Example of an environment where larger trophic levels of zooplankton
interact with primary consumers and primary producers, including cyanobacteria.
Image of Chaoborus spp. and cyanobacteria in a lake outside of this study under
dissecting microscope.
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Appendices
Table A-1. The pair(s) of variables with positive correlation coefficients and P
values below 0.050 tend to increase together. For the pairs with negative
correlation coefficients and P values below 0.050, one variable tends to decrease
while the other increases. For pairs with P values greater than 0.050, there is no
significant relationship between the two variables (SigmaPlot 12.0).

Pearson Product Moment Correlation
Cell Contents:
Correlation Coefficient
P Value
Number of Samples

Chlorophyll (g

CDOM

L-1)

CDOM
-0.142
0.737
8

SDD (m)
-0.754
0.0306
8

TP (g L-1)
-0.0631
0.882
8

-0.356
0.387
8

-0.0856
0.840
8

-0.187
0.764
5

-0.343
0.452
7

0.188
0.655
8

-0.395
0.510
5

-0.179
0.701
7

0.794
0.109
5

-0.326
0.476
7

SDD (m)

TP (g L-1)

TN (g L-1)

TN (g L-1)
0.343
0.572
5

NN (g L-1)
0.121
0.796
7

-0.105
0.867
5
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Pico (cells mL-1)
Chlorophyll (gL-1)

Net cyano (# L-1) Net Phyto MC

Pico MC

0.439
0.384
6

0.528
0.223
7

0.258
0.538
8

0.231
0.582
8

CDOM

-0.709
0.0487
8

-0.685
0.0606
8

-0.151
0.722
8

-0.455
0.365
6

-0.414
0.356
7

SDD (m)

-0.143
0.736
8

-0.120
0.777
8

-0.231
0.583
8

-0.293
0.573
6

-0.494
0.260
7

TP (gL-1)

-0.0438
0.918
8

0.0648
0.879
8

-0.221
0.599
8

-0.0861
0.871
6

-0.0540
0.908
7

TN (gL-1)

0.374
0.535
5

0.377
0.532
5

-0.110
0.860
5

0.185
0.881
3

0.418
0.582
4

NN (g L-1)

0.463
0.295
7

0.513
0.239
7

0.694
0.0835
7

-0.279
0.649
5

0.198
0.707
6

0.953
0.000245
8

0.497
0.210
8

0.713
0.112
6

0.885
0.00806
7

0.670
0.0692
8

0.560
0.248
6

0.826
0.0220
7

-0.117
0.825
6

0.390
0.387
7

Pico # (cells mL-1)

0.0710
0.867
8

Nano MC

Net Cyanobacteria (# L-1)

Net Phyto MC (ng g-1)

Nano MC (ng g-1)

0.898
0.0150
6
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Net Zoop MC
Chlorophyll (gL-1)

Avg Phyto MC Net Phyto BMAA Net Zoop BMAA

0.0159
0.973
7

0.209
0.619
8

-0.0735
0.863
8

-0.217
0.605
8

CDOM

-0.0710
0.880
7

-0.268
0.521
8

0.707
0.0499
8

0.190
0.652
8

SDD (m)

-0.305
0.505
7

-0.318
0.443
8

-0.367
0.371
8

-0.160
0.705
8

TP (gL-1)

-0.163
0.727
7

-0.206
0.625
8

-0.144
0.735
8

-0.203
0.630
8

TN (gL-1)

0.0975
0.876
5

0.0138
0.982
5

-0.413
0.490
5

0.661
0.224
5

NN (gL-1)

0.655
0.158
6

0.611
0.145
7

-0.321
0.482
7

0.131
0.779
7

Pico (cells mL-1)

0.528
0.223
7

0.682
0.0623
8

-0.182
0.666
8

-0.0769
0.856
8

Net Cyanobacteria (# L-1)

0.708
0.0749
7

0.814
0.0139
8

-0.102
0.810
8

-0.0825
0.846
8

Net Phyto MC

0.970
0.000287
7

0.959
0.000163
8

0.318
0.443
8

-0.0348
0.935
8

Nano MC

-0.122
0.845
5

0.186
0.724
6

-0.0162
0.976
6

-0.122
0.818
6

Pico MC

0.453
0.367
6

0.637
0.124
7

0.103
0.826
7

-0.112
0.812
7

0.969
0.000325
7

0.387
0.391
7

0.695
0.0831
7

0.310
0.454
8

-0.0418
0.922
8

Net Zoop MC

Average MC Phyto

Net Phyto BMAA

0.0251
0.953
8
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Table A-2. Whole lake water (WLW) microcystins (MCs), < 50 m filtrate of lake
water MCs, < GFA (2 m) MCs, and < GFF (0.2 m).

Lake
Christine Lake
Christine Lake
Christine Lake
Christine Lake
Willand Pond
Willand Pond
Willand Pond
Willand Pond

Season
Winter
Spring
Summer
Fall
Winter
Spring
Summer
Fall

WLW MCs
7.11
11.45
11.53
16.93
32.80
68.36
205.46
200.41

SE
0.39
2.89
2.59
2.35
1.37
7.82
46.97
67.49

< 50 m
filtrate MC
8.25
BDL
14.68
13.90
32.33
54.28
163.17
74.19
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SE
0.35
1.89
3.09
1.24
8.06
27.41
14.94

< GFA m
filtrate MC
8.92
5.37
4.64
15.95
39.48
46.97
208.31
123.22

SE
1.23
1.28
1.36
2.23
3.00
10.40
17.71
7.19

< GFF m
filtrate MC
5.94
BDL
BDL
17.65
49.85
49.78
106.36
91.79

SE
1.68

1.11
10.32
4.03
7.72
15.52
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Chapter 2: Seasonal Abundance and Microcystin-Toxicity of
Picocyanobacteria in Lakes of Contrasting Trophic Conditions

Abstract
Picocyanobacteria (PCY) contribute significantly to total primary productivity in marine
and fresh waters. Though picoplankton are integral components of lake food webs, the
ability of PCY to produce biotoxins such as microcystins (MCs) is not well known. Due to
their small-unicellular size (typically 0.2- 2.0 m), PCY are not often sampled and
enumerated as part of the phytoplankton community. Picoplankton are not well visible
unless epifluorescence microscopy is applied. In order to understand abundance and
MCs of PCY in New Hampshire lakes, picoplankton was sampled seasonally from two
lakes of contrasting trophic conditions and water quality. PCY enumerations via
epifluorescence microscopy ranged from 4,000 to 50,000 cells mL-1 in the mesotrophiceutrophic, Willand Pond and from 4,000 to 16,000 cells mL-1 in the oligotrophic, Christine
Lake. Net cyanobacteria (>50 m), including microcolonies of picocyanobacteria (i.e.
Aphanocapsa sp.), were also identified and enumerated for seasonal comparisons. Lake
concentrations of net cyanobacteria and picocyanobacteria were positively correlated
(Adj. R2= 0.89, p<0.001). Significantly higher levels of PCY occurred in spring and
summer in Willand Pond and in spring and fall in Christine Lake (p<0.001). Microcystintoxins were also detected in the picocyanobacteria fractions throughout the year in both
lakes, ranging from non-detectable (< 1) to 158.6 ng MC g-1. Microcystin toxicity increased
with PCY cell abundances seasonally, but not significantly (Christine Lake p-value=0.18
and Willand Pond p-value= 0.27). The potential for PCY to be consumed is significant as
many zooplankton grazers can filter such small particles and accumulate toxic PCY in the
gut. This study evaluates the role of toxic picocyanobacteria in freshwater lakes food
webs and determines the microcystin-toxicity in the picoplankton fraction of 0.2- 2.0 m.
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INTRODUCTION
Cyanobacteria are ubiquitous worldwide and there is an increasing need for the
monitoring and assessment of toxic cyanobacteria within a diverse range of
ecosystems. Much of the research on toxic cyanobacteria has focused on the dense,
cyanobacteria blooms that aggregate at the surface waters of lakes. Visible surface
“scums” have long been a public health concern due to the unpleasant aesthetics, their
toxic properties, and the taste and odor compounds associated with cyanobacterial
blooms. While net plankton hauls used for collecting and identifying plankton
communities generally capture only large colonies of cyanobacteria (> 50 m), in
contrast, autotrophic picoplankton (APP) (including picocyanobacteria (PCY)) are small,
coccoid, ovoid or rode-shaped unicellular cells (0.2–2.0 m), often overlooked in lake
monitoring as these single cells easily pass through plankton net hauls. Cyanobacteria,
including PCY, abundances and spatial distributions vary depending on species, cell
size and morphotype. Electron microscope methods (SEM or TEM) are useful to identify
size and shape of picoplankton cells (MacIsaac and Stockner 1993; Callieri and
Stockner 2002). Cells usually range between 0.2-2.0 m, varying by species and shape.
Picocyanobacteria occur in a wide variety of aquatic environments, with reports
in freshwater, brackish and ocean systems (Callieri and Stockner 2002; Callieri 2008).
Picoplankton concentrations can reportedly range from 1,000 to 1,000,000 cells mL -1 in
lake water and cyanobacteria typically dominate the autotrophic picoplankton
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community (Schallenberg and Burns 2001, Callieri, Stockner, and Pick 1991). The
significant contribution that picocyanobacterial cells can have in an aquatic system can
be as much as 80-90% of the total carbon production in aquatic habitats, though the
range is wide and variable. Picocyanobacteria may contribute between 5 and 80% of
the total primary production in freshwater systems and can also vary by season and
lake water quality (Stockner 2002; Stockner 1988; Weisse and Schweizer 1991). As
numerous as they are, picocyanobacteria are too small for species identification based
on morphology under compound light microscopy. Cells are often too small to be visible
in water samples unless aggregated into microcolonies (Callieri 2010, 2011, 2012;
Passoni et al. 2000). Therefore, epifluorescence is a valuable method for enumerating
auto-fluorescing picoplankton cells as it allows one to visualize these small, “invisible”
photosynthetic cells in lake water and distinguish between PCY and picoeukaryotes.
The unique accessory pigments of cyanobacteria include phycobillin pigments,
phycocyanin, phycoerythrin, and allophycocyanin. Epifluorescence filters with maximum
activity at wavelengths of 570 and 630 nm, reflect the blue-green colors often
associated with the cyanobacteria cells, appearing red under such excitations (Callieri
and Stockner 2002; Pick 1991). Picocyanobacteria have been classified into two major
phycobillin pigment types, including phycoerythrin (yellow auto-fluorescing, green
absorption peak at ~560 nm), and phycocyanin (red/orange auto-fluorescing, absorb
orange-red light effectively at ~625 nm) (Callieri et al. 1996; Haverkamp et al. 2008).
These differences can vary between marine and freshwater systems, PCY species, and
specific habitats.
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Major autotrophic picoplankton distinctions are made by clades, and two distinct
clades that define the current classes of the picocyanobacteria are Synechococcus
(Cyanobium) and Prochlorococcus (Robertson et al. 2001). Synechococcus and
Prochlorococcus genera are largely descriptive of the types found in marine systems
(Sanchez-Baracaldo et al. 2005, 2008), though the picoplankton in freshwater are often
referred to as Synechococcus-types (Wu et al. 2010; Weisse 1993; Padisa et al. 2003).
Synechococcus is frequently found in lakes (Cabello-Yeves et al. 2017; Callieri 2017)
and accounted for approximately 10% of the primary production in Lake Huron
(Fahnenstiel et al. 1991; Callieri and Stockner 2002; Fahnenstiel and Carrick 1992; Wu
et al. 2010). Synechococcus spp. are the most prominent component of freshwater
autotrophic picoplankton (Callieri and Stockner 2002) and common in estuaries and
oceans as well. PCY are reported to contribute over 70% of the total primary production
in lakes, typically in oligotrophic, deep high mountain lakes (Stockner 1988; Weisse and
Schweizer 1991). Picocyanobacteria are more likely to have evolved from terrestrial or
freshwater environments than from marine ecosystems since freshwater PCY are more
genetically diverse than the marine types (Wu et al. 2010; Katano et al. 2001; Crosbie et
al. 2003; Cai and Kong 2013). Species-level identification requires genomic methods for
identifications and some freshwater bodies of water may have up to seven different
clades or groups of picocyanobacteria (Huang et al. 2014; Wu et al. 2010). Eckert et al.
(2014) found barcoding gaps in their study of cyanobacteria, suggesting it may be
possible to identify PCY taxa diversity using 16S fRNA. In lakes, PCY can be extremely
spatially patchy and temporally variable (Huang et al. 2014). Based on molecular
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marker 16S-23S rRNA internal transcribed spacer sequences genetic clades can differ
spatially and with varying densities throughout a body of water (Callieri and Stockner
2002). Using these genetic tools, picocyanobacteria in seven Tibetan lakes were
grouped into seven picocyanobacterial clusters. In this study, there were spatial
variations of the PCY taxa and the regional distributions of PCY was attributed to
species-specific adaptations to various environments (Huang et al. 2014). In addition,
picoplankton in Arthurs Lake showed great diversity in morphotypes for PCY (Corpe
and Jensen 1992).
Due to their large numbers and significant contribution to primary production,
picoplankton may be integral components of aquatic food webs and ecological stability.
Picoplankton are a major food source for micro and macro zooplanktonic grazers and
picocyanobacteria have great implications for incorporation into the aquatic food web.
Since small or single celled phytoplankton are most typically vulnerable to grazing by
zooplankton, the toxicity of smaller cells has important implications for incorporation into
the aquatic food web where toxin transfer to higher trophic levels is possible (Burns and
Schallenberg 1996, 1998, 2001). The overall goal of this study was to evaluate the role
of picocyanobacteria in the production and transfer of microcystins in food webs of New
Hampshire lakes. Two lakes of contrasting trophic conditions, both with a dominant
presence of cyanobacteria, were sampled to observe seasonal succession and
microcystin concentration of picocyanobacteria. The two lakes were compared for
autotrophic picoplankton cell abundances, estimated cell biomass, and microcystin
toxicity, with implications to assess the potential contributions picocyanobacteria have in
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the transfer of microcystins (MCs) in simplified aquatic food webs of contrasting trophic
conditions.
MATERIALS AND METHODS
Lake water was sampled from the well mixed zone of the epilimnion, subsampled
from 0-3 m of surface water, using an integrated tube sampler (2.5 cm diameter (x3)).
The lake water was processed for extractions of chlorophyll a (Chl. a), Color-Dissolved
Organic Matter (CDOM), nitrates (NO3-), total nitrogen (TN) and total phosphorus (TP)
following standard operating procedures of the Lay Lakes Monitoring Program, CFB
UNH. Net plankton were hauled from the water column of the deep site of each of the
lakes with a 20 cm diameter, 50 m Nitex mesh plankton net. Plankton were collected
and preserved with a 4 % formalin:sucrose solution for identification and enumeration of
net plankton, seasonally (Haney and Hall 1971). Autotrophic picoplankton was isolated
from serial size fractionations to retain the cells between 0.2-2.0 m on the filter. Water
was sampled from the water column at the deep site of each lake, from 0-14 m for
Christine Lake and 0-9 m for Willand Pond. The integrated sample was well mixed
before processed for serial fractionation to achieve isolation of autotrophic picoplankton
(0.2-2.0 m). Whole lake water was first filtered through a 50 m Nitex mesh (gravity
filtration) and then through a 2.0 m Millipore filter (Millipore) using low vacuum pump
filtration (<200 mm Hg). The lake water 2.0 m filtrates were finally filtered onto 0.2 m
Millipore filters (47 mm diam, Millipore Membrane, GSWP).
Filters were photographed under epifluorescence microscopy. Immediately
following filtration, the wet filters were placed upright on glass slides and scanned under
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compound-light microscopy with a 40X objective and 10X ocular. Each filter was then
photographed under epifluorescence microscopy in replicates of at least 30-50 images
per filter from randomly selected fields (Figures 1 and 2). Total photosynthetic
picoplankton and total picocyanobacteria were enumerated in triplicate from the 0.2 m
filter replicates under epifluorescence microscopy (400X). Autotrophic picoplankton was
enumerated under autofluorescence by blue excitation at 435 nm (chlorophyll a) and
green excitation at 572 nm (phycocyanin) using epifluorescence microscopy from a
BX41 Olympus microscope and an Olympus DP72 camera (Figures 1 and 2).
Microscope illumination was provided by a 120-watt high pressure metal, (Mercury)
Halide ARC Lamp with Intelli-Lamp technology (X-cite 120 LAMP, Lumen Dynamics,
Mississauga, Ontario, Canada. The epifluorescence microscope had two filter units,
each with a dichroic mirror, barrier filter and excitation filter (Semrock, Inc). Cell
identification and count comparisons were analyzed from images taken from
observations using green excitation of the “phycobilin cube” (572/28 nm EM, 605 nm D)
and blue excitation of the “chlorophyll cube” (QDLP-A-OMF, QDOT ex: 435, EM) with
excitations of 572 nm and 435 nm, respectively. Epifluorescence filters resulted in
excitation light wavelengths that auto-fluoresced chlorophyll (all photosynthetic cells)
and phycocyanin phycobillin pigments. Autofluorescence and imaging of cells on the
filters were visualized with Cellsense Standard software. The total autotrophic
picoplankton abundances were estimated from the average number of cells per imagearea extrapolated to the total filter area. The concentration of autotrophic picoplankton
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cells per unit lake water volume (cells mL-1) were estimated based on the volume of
water passed through the filters and the number of cells estimated per total filter area.
Total picoplankton dry weight biomass estimates were also determined by serial
size fractionation of lake water. Whatman (GFF and GFA) glass fiber filters were precombusted @ 500 °C, (with an effective pore size of approximately 0.2-0.3 m and 1.62 m, respectively; Nayar and Chou 2003). Pre-rinsed and pre-combusted Whatman
(GFF) glass fiber filters were dried and pre-weighed for serial fractionation of whole lake
water. Filtration of 1-liter volumes of integrated lake water from the deep site was first
filtered through a 50 m mesh, then through a GFA glass fiber filter (1.6-2 m, 45 mm
diam), and finally a GFF glass fiber filter (0.2-0.3 m, 45 mm diam). After drying of
filters for 24 h at 60 °C, the difference in filter weights before and after filtration were
used to estimate the dry weight of the picoplankton size fraction per unit volume. Cell
biomasses of the picoplankton were estimated from the dry weight of the picoplankton
fraction divided by the average cell concentration estimated via epifluorescence on the
Millipore filters.
Each filter with picoplankton particulates were submerged in 3 mL of triple
distilled MilliQ water and frozen in a glass vial for the extraction of microcystins from the
cells retained on the filters. Extracts were frozen (-20 °C) until processed and tested for
microcystin-toxicity by ELISA (Enzyme-linked Immunosorbent assay) methods
(Envirologix Inc. Quantiplate Kit for Microcystins and Nodularins, Portland, ME). Filters
and extract water samples were frozen and thawed in triplicate with 30 seconds of
vortex and 1 minute of sonication between thaw cycles. Sub samples of the extracts
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were processed following methods of the ELISA kit with the limit of detection of given
standards and an extended range between 25 and 2500 pg MC mL -1. Microcystin
concentrations were corrected to volumes of lake water passed through the filters.
Microcystin toxicity was estimated per cell as well as per unit biomass calculated from
the dry weight biomass of each picoplankton size fractions. Microcystin-toxicity was
calculated per filter, per unit volume of lake water and estimated per cell. The estimated
toxin content per cell was reported in attograms (10-18 g) per cell, calculated from the
microcystin content of the lake water volume filtered, the biomass-weight of the filter
and the cell abundance per volume of lake water. Excel and Sigmaplot with Systat
were used for graphics and statistics. Linear regression, rank sum T-tests and One–way
ANOVA with a Holm Sidak post hoc tests were used to test for significant differences for
inter and intra lake comparisons.
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RESULTS
Autotrophic Picoplankton abundance
The total autotrophic picoplankton abundances varied between the two lake
systems (oligotrophic Christine lake and meso-eutrophic Willand Pond) (Table 1, Figure
3). These differences can be visually detected from actual filter images 1 and 2.
Throughout the year the picocyanobacteria dominated the autotrophic picoplankton
community, ranging between 83 % and 98% picocyanobacteria (of the total autotrophic
picoplankton estimates) (Table 2). Averages of PCY dominance based on
epifluorescence and cell count estimates from all seasons for each lake were 91.4% of
the autotrophic picoplankton in Christine Lake compared to 86.5% in Willand Pond.
Though there were no significant differences between % PCY between the two lakes
(p=0.248). The overall highest concentrations of picocyanobacteria were observed in
the spring and summer samples collected from Willand Pond, at nearly 50,000 cells mL1

(Table 1, Figure 3). In the eutrophic system of Willand Pond, concentrations of PCY

were significantly higher in the spring and summer (~47,000 and 46,000 cells mL -1)
compared to the winter and fall samples (~3,500 and 3,400 cells mL-1) (p< 0.001).
Picocyanobacteria cell concentration did not differ significantly between winter and fall,
or between spring and summer in Willand Pond (p= 0.988 and p= 0.699, respectively).
In the oligotrophic Christine Lake, picocyanobacteria concentrations were
relatively lower than samples enumerated from Willand Pond. The highest cell
concentrations were in spring with over 16,000 cells mL-1, and nearly 12,000 cells mL-1
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in the fall. Picocyanobacteria concentrations in Christine Lake were higher in spring and
fall samples, and the PCY concentrations did not differ significantly between these two
seasons (p= 0.172). The lowest abundances in the lake water were sampled during the
winter and summer with nearly 4,000 and 5,000 cells mL-1, respectively (Table 1, Figure
3). The lower abundances were similar to those found in Willand Pond but at different
times of the year. Christine Lake PCY concentrations oscillated seasonally as
picocyanobacteria ranged from 4,000 (winter) to 16,000 (spring) to 5,000 (summer) to
12,000 (fall) cells mL-1, though without significant differences by season (p= 0.549).
Picocyanobacteria Toxicity
Weight-specific toxicity of the picoplankton fractions were consistently higher in
Willand Pond than in Christine Lake, averaging 83.7 and 19.2 ng MC g-1, respectively,
for the four seasons. The microcystin toxin content per unit picoplankton biomass (ng
MC g-1 dwt) was more than four times higher in Willand Pond than in Christine Lake (p=
0.040) (Table 1, Figure 3). Abundances and microcystin toxicity also varied between
each season. There were significantly higher estimates of total toxin content from the
filter biomasses in the spring and summer samples from Willand Pond (p< 0.001).
Weight-specific picoplankton toxicity (ng MC g-1 dwt) differed significantly between
seasons, with highest MC toxicity in the spring and lowest in the winter season in
Willand Pond (p< 0.001). The highest weight-specific toxicity for Willand Pond occurred
in the spring with 158.6 ng MC g-1 dwt. Winter had the lowest at 41.2 ng MC g-1 dwt,
while summer and fall samples had intermediate levels of microcystins extracted from
filter biomasses with mean concentrations of 75.6 ng MC g-1 dwt in summer and 59.3 ng
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MC g-1 dwt in fall. There were relatively low levels of microcystin detected in
picocyanobacteria from Christine Lake samples and there were no significant
differences between any seasons except for the spring when there were no detectable
microcystins from the biomass collected on the filters. Picoplankton microcystins in
Christine Lake showed no significant seasonality with highest levels in the fall (27.6 ng
MC g-1) and below-detectable levels (< 1 ng MC g-1) from the spring samples. Weightspecific microcystins measured from filters of Christine Lake were 16.14, 13.87, and
27.59 ng MC g-1 for winter, summer, and fall samples, respectively (Table 1).
Picocyanobacteria (PCY) abundances in the lakes were not correlated with
microcystins (MCs) extracted from the picoplankton filters (Figure 4, Willand Pond
p=0.18, Christine Lake p= 0.27). While spring samples had the highest
picocyanobacteria cell concentration, there were no detectable levels of PCY
microcystins in Christine Lake, in contrast to Willand Pond where the highest toxin
content was detected in spring (Table 1). As a result, the cell-specific MC content was
lowest in spring for both lakes. PCY cell quotas of detected MCs ranged from below
detectable limits in spring to 3.3 ag cell-1 in winter in Christine Lake, with similar cell MC
quotas in summer and fall with 2.2 ag cell-1. PCY cell quotas of detected MCs were
three times higher in the more nutrient-rich lake (Willand Pond), ranging from 0.54 ag
cell-1 in spring to 15.8 ag cell-1 in fall. Overall, weight-specific microcystins or estimates
of MC-toxicities per cell were higher in the samples from the summer and fall seasons in
both systems (Figure 5). There was no significant difference between estimated toxin
content per cell (ag MC cell-1) between the winter and fall seasons for Willand Pond, nor
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between the spring and summer toxin content per cell. Microcystin weight-specific
toxicity were higher during these times for both Willand Pond and Christine Lake but
without a statistically significant relationship with PCY cell abundances (Table 1, Figure
5). There was no significant relationship or correlation between picocyanobacteria
abundance and microcystins in whole lake water (Table 1). Microcystins in the
picoplankton fraction per volume were also calculated and determined to contribute a
low percent of the total microcystins detected in whole lake water (Table 1).
Net cyanobacteria and Picocyanobacteria
Dominant net cyanobacteria were identified as Microcystis, Aphanocapsa,
Oscillatoria (aka Planktothrix), Woronichinia and Coelosphaerium in Willand Pond and
Aphanocapsa, Merismopedia, Chroococus, and Aphanothece in Christine Lake (Tables
3 and 4). Though the composition of cyanobacteria varied over the year, microcolonial
Aphanocapsa were consistently identified in both water bodies throughout the seasons.
The seasonal composition of the PCY microcolonies, Aphanocapsa, were not
significantly correlated with the PCY unicell concentrations in the two lakes (Figure 6).
However, total net cyanobacteria concentrations were significantly correlated with the
abundance of picocyanobacteria seasonally (Figure 7, p=0.0002).
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Figure 1. Distribution of picocyanobacteria on the 0.2 um filters for Willand Pond,
August 7, 2012. PCY cells autofluoresce red under excitation 572 nm.
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Figure 2. Distribution of picocyanobacteria on the 0.2 um filters for Christine
Lake, August 15, 2012. PCY cells autofluoresce red under excitation 572 nm.
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3637
(+/-140.77)
16491
(+/- 3549.00)
5265
(+/- 1241.63)
12623
(+/- 1205.25)

Feb 18
Winter
May 17
Spring
Aug 15
Summer
Nov 12
Fall

Christine
Lake

Christine
Lake

Christine
Lake

Christine
Lake

Aug 7
Summer

Willand
Pond
3341
(+/- 432.49)

45509
(+/- 19798.53)

May 9
Spring

Willand
Pond

Dec 3
Fall

46846
(+/- 1530.31)

Feb 8
Winter

Willand
Pond

Willand
Pond

3502
(+/- 1109.15)

Date

Lake

Abundance
(cells mL-1)

0.0816
(+/- 0.005)

0.1827
(+/- 0.06)

0.0351
(+/- 0.03)

0.2017
(+/- 0.02)

0.2876
(+/- 0.06)

0.0485
(+/- 0.03)

0.0041
(+/- 0.001)

0.2856
(+/- 0.06)

Weight
(ng cell-1)

1042
(+/- 166.67)

824
(+/- 148.97)

402
(+/- 211.35)

727
(+/- 52.49)

917
(+/- 83.33)

1111
(+/- 111.11)

190
(+/- 48.55)

1000
(+/- 200.00)

Biomass
(g L-1)

0.0260
(+/- 0.007)

0.0107
(+/- 0.0004)

BDL

0.0118
(+/- 0.001)

0.0533
(+/- 0.009)

0.0820
(+/- 0.005)

0.0252
(+/- 0.004)

0.0365
(+/- 0.008)

Microcystin
in PCY
Water
(pg MC mL-1)

27.585
(+/- 10.121)

13.874
(+/- 2.534)

BDL

16.136
(+/- 0.372)

59.281
(+/- 11.016)

75.639
(+/- 10.162)

158.565
(+/- 57.53)

41.205
(+/- 13.623)

Weightspecific
Microcystin
(ng MCpico g-1)

Table 1. Picocyanobacteria in Willand Pond and Christine Lake in 2012.

2.1747
(+/- 0.743)

2.2476
(+/- 0.463)

BDL

3.2657
(+/- 0.411)

15.8013
(+/- 0.866)

4.1507
(+/- 2.878)

0.5416
(+/- 0.099)

10.4293
(+/- 2.299)

Estimated
Microcystin
Cell-quota
(ag MCpico cell-1)

Table 2. Percent abundance of picocyanobacteria (PCY) to total autotrophic
picoplankton (APP) enumerated by season. Under epifluorescence with excitation
at 435 nm wavelength, picoeukaryotes reflect red and PCY reflect orange and
yellow. Under epifluorescence with excitation at 572 nm wavelength, PCY reflect
red.

Lake

Season

% PCY

(+/-) SD

Christine
Christine
Christine
Christine
Willand
Willand
Willand
Willand

Winter
Spring
Summer
Fall
Winter
Spring
Summer
Fall

82.7
91.8
93.4
97.8
85.7
92.9
83.9
83.5

11.4
4.3
5.8
1.4
6.5
6.4
5.0
4.2
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Figure 3. Seasonal comparisons of picocyanobacteria concentrations (cells mL-1)
and microcystins per unit picocyanobacteria weight (ng g-1) from Willand Pond
and Christine Lake in 2012. Black bars are PCY cell concentrations in Willand
Pond. Gray bars are PCY cell concentrations in Christine Lake. Black dots with
red-dashed lines are MCs in PCY in Willand Pond. Gray dots with red-dashed
lines are MCs in PCY in Christine Lake.
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Figure 4. Relationship between picocyanobacteria abundance (cells mL-1 of lake
water) and microcystins on filter (ng MC g-1). WIlland Pond; NS p=0.1818, Adj.
R2= 0.5041, y= 0.3149x + 0.5771 and Christine Lake; NS p= 0.2692, Adj. R2=
0.6631, y= 0.4948x – 0.6090. Omitted spring value of 0 or below detectable limits
(BDL) for Christine Lake to perform logarithmic regression.
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Figure 5. Estimated microcystin per picocyanobacteria cell (attogram MC cell -1, 1
attogram= 1x10-18 gram).
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Figure 6. Abundance of unicells of picocyanobacteria (cells mL-1) and
microcolonies of Aphanocapsa (microcolonies L-1). Black bars are PCY cell
concentrations in Willand Pond. Gray bars are PCY cell concentrations in
Christine Lake. Black dots with dashed lines are Aphanocapsa in Willand Pond.
Gray dots with dotted lines are Aphanocapsa in Christine Lake.
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Table 3. Seasonal concentrations of net cyanobacteria colonies in Christine Lake.
Christine Lake
Date/Season

Net Cyanobacteria
Colonies

#/L

SE

% of Net
Cyano-Pop.

FEB-winter
FEB-winter
FEB-winter
FEB-winter
FEB-winter
MAY-spring
MAY-spring
MAY-spring
MAY-spring
MAY-spring
AUG-summer
AUG-summer
AUG-summer
AUG-summer
AUG-summer
NOV-fall
NOV-fall
NOV-fall
NOV-fall
NOV-fall

Aphanocapsa
Aphanothece
Chroococcus
Merismopedia
Total Cyanobacteria
Aphanocapsa
Aphanothece
Chroococcus
Merismopedia
Total Cyanobacteria
Aphanocapsa
Aphanothece
Chroococcus
Merismopedia
Total Cyanobacteria
Aphanocapsa
Aphanothece
Chroococcus
Merismopedia
Total Cyanobacteria

0.00
0.00
0.00
0.00
0.00
105.40
0.00
0.59
0.87
106.86
36.11
0.07
0.21
1.79
38.18
70.14
0.00
0.00
306.14
376.28

0.00
0.00
0.00
0.00
0.00
9.39
0.00
0.59
0.87
10.06
4.28
0.07
0.21
0.34
4.44
18.76
0.00
0.00
23.81
42.31

0.00
0.00
0.00
0.00
na
98.63
0.00
0.55
0.81
100.00
94.59
0.18
0.56
4.68
100.00
18.64
0.00
0.00
81.36
100.00
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Table 4. Seasonal concentrations of net cyanobacteria colonies in Willand Pond.
Willand Pond
Date/Season

Net Cyanobacteria
Colonies

#/L

SE

% of Net
Cyano-Pop.

FEB-winter
FEB-winter
FEB-winter
FEB-winter
FEB-winter
FEB-winter
MAY-spring
MAY-spring
MAY-spring
MAY-spring
MAY-spring
MAY-spring
AUG-summer
AUG-summer
AUG-summer
AUG-summer
AUG-summer
AUG-summer
DEC-fall
DEC-fall
DEC-fall
DEC-fall
DEC-fall
DEC-fall

Anabaena
Aphanocapsa
Microcystis
Oscillatoria
Woronichinia
Total Cyanobacteria
Anabaena
Aphanocapsa
Microcystis
Oscillatoria
Woronichinia
Total Cyanobacteria
Anabaena
Aphanocapsa
Microcystis
Oscillatoria
Woronichinia
Total Cyanobacteria
Anabaena
Aphanocapsa
Microcystis
Oscillatoria
Woronichinia
Total Cyanobacteria

0.00
0.00
40.51
1.01
3.18
44.70
29.75
484.58
429.81
0.00
15.91
960.05
271.10
0.00
5.88
879.28
0.00
1156.26
0.00
0.00
129.38
6.17
17.56
153.11

0.00
0.00
18.02
0.85
1.99
19.74
2.90
23.38
85.66
0.00
2.31
63.53
21.24
0.00
3.31
87.29
0.00
106.09
0.00
0.00
6.28
2.95
5.51
13.06

0.00
0.00
90.62
2.27
7.11
100.00
3.10
50.47
44.77
0.00
1.66
100.00
23.45
0.00
0.51
76.05
0.00
100.00
0.00
0.00
84.50
4.03
11.47
100.00
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Picocyanobacteria Concentrations (cells ml )

1e+5
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1e+0
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Net Cyanobacteria Concentrations (# colonies L-1)
Figure 7. Linear regression between net cyanobacteria concentrations and
unicells of picocyanobacteria in lake water for both lakes and all seasons
combined. y= 38.01x + 3329.60; Adj. R2= 0.894, p=0.0002.
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DISCUSSION
Picocyanobacteria abundance
Picocyanobacterial (PCY) abundance and microcystin (MC) toxicity differed
significantly between seasons and lakes sampled (Figure 3). Picocyanobacteria were a
dominant contribution of the autotrophic picoplankton (APP) in both lakes, and all
sampling seasons (Table 2). The relative contribution of PCY ranges were 83-98% of
the total APP. The highest PCY dominance occurred in the fall for oligotrophic Christine
Lake and in the spring for meso-eutrophic Willand Pond (Table 1). There was an overall
higher percent contribution or dominance over the APP in the more oligotrophic
Christine Lake (averaged 91.7% versus 86.5% in Willand Pond), although differences
were not significant (rank sum two-tailed t-test, p=0.248) (Table 2). These findings are
similar to other reports, where picocyanobacteria make up the majority of the
autotrophic picoplankton in marine and freshwater environments (Ohlendieck et al.
2000). Extensive studies of picoplankton in the deep, oligotrophic Lake Maggiore, Italy
indicated picocyanbacteria contribute significantly to the overall phytoplankton biomass
(Callieri et al. 2012). Further, Flombaum et al. (2013) estimated that globally,
picocyanobacteria make up to 50% of the total cyanobacteria biomass in the oceans.
Picocyanobacteria have also been reported to comprise 7-19% of the total prokaryotic
cells found in surface water of lakes on the Eastern Tibetan Plateau (Wu et al. 2010).
Though the percent contribution of picocyanobacteria to the total phytoplankton
biomass may be significant in oligotrophic systems, the abundance of PCY in eutrophic
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waters is generally greater than in oligotrophic waters and can vary by season, as was
found in the NH study lakes. The picocyanobacteria were generally more abundant in
the eutrophic Willand Pond (Table 1, Figure 3), consistent with other studies finding that
autotrophic picoplankton is more abundant in eutrophic waters but contribute relatively
more to total primary productivity in oligotrophic lakes (Callieri and Stockner 2002).
Comparable abundances of picocyanobacteria between the meso-eutrophic Willand
Pond and the oligotrophic Christine Lake of New Hampshire ranged from 4,000 cells
mL-1 to nearly 50,000 cells mL-1, with highest abundance in the meso-eutrophic lake.
The abundance of the autofluorescing cells in the water fraction between 0.2 and 2.0
m was comparable to the levels found in other bodies of water across the world, where
the autotrophic picoplankton spring blooms can exceed 50,000 cells mL -1 (Callieri,
Gaedke and Weisse 1998; Pick 1991). The highest cell concentrations were recorded in
the spring and summer in Willand Pond with nearly 4.5 x 104 and 5 x 104 cells mL-1,
respectively. Christine Lake had its highest PCY concentration in the spring with over
1.6 x 104 cells mL-1 and 1.2 x 104 cells mL-1 in the fall. Both lakes had a minimum of
nearly 4 x 103 cells mL-1. For comparisons, in a survey of lakes in Canada and New
Zealand picocyanobacteria varied between 0.4 x 103 and 4.25 x 105 cells mL-1 (Pick
1991). Gaedke and Weisse (1998) found PCY varied between <0.01 x 105 and 7.7 x 105
cells mL-1 in Lake Constance, Germany in a long-term study. In nine Tibetan Lakes,
PCY concentrations of 0.1 x 105 and 5.5 x 105 cells mL-1 varied inversely with a salinity
gradient from 0.4 to 22.3 g L-1 (Wu et al. 2010). Additionally, in Lake Tanganyika, Africa
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picocyanobacteria abundance varied between 2.42 x 10 5 and 6.77 x 105 cells mL-1, with
no significant seasonal differences (Tarbe et al. 2011).
PCY had highest observed abundances in the spring and fall for Christine Lake
and spring and summer for Willand Pond. A bimodal pattern was observed in Christine
Lake, but differences in picoplankton abundance did not differ significantly over all
seasons. Temperate lakes typically have two peaks of picocyanobacteria abundance,
usually found in spring and one in late summer (Weisse 1993; Callieri and Stockner
2000). Summer or autumn population maxima have also been reported (Pick and Agbeti
1991; Maeda et al. 1992; Hawley and Whitton 1991). For example, in Lake Constance,
Germany the typical seasonal cycle of picocyanobacteria had a bimodal pattern with a
spring or early summer peak and a second maximum during the fall. The long-term
monitoring of this mesotrophic lake also indicates potential shifts in the composition of
spring and summer picocyanobacterial communities (Gaedke and Weisse 1998).
Despite the limited number of sampling dates throughout the year, these previous
observations appear to be consistent with the results from both of my study lakes.
The oligotrophic, Christine Lake had lower abundances of picocyanobacteria
than levels found in the meso-eutrophic, Willand Pond. Though there were no significant
relationships with trophic conditions and PCY abundances overall, other have noted that
higher densities are enumerated in eutrophic systems over oligotrophic systems (Pick
and Agbeti 1991; Ning et al. 2000). For example, a trend with trophic conditions was
observed in a study of the San Francisco Bay, where water quality and trophic gradients
were predictors of relative cell concentrations from 4.6 x 103 to 5.2 x 105 cells mL-1
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(Ning et al. 2000). Peak abundance occurred during the spring bloom (April and May)
and during July with a spatial pattern of lowest abundance near the oligotrophic, coastal
ocean and highest abundance near shore within the more freshwater environments with
higher nutrients (Ning et al. 2000). Results from the NH study also confirmed peak
abundances in springtime and higher abundances for the more eutrophic system.
Spring and fall mixing periods can disperse different PCY populations to the mixed
water column and increase cell concentrations in the water column overall (Weisse
1993; Bertoni et al. 2010). Picocyanobacteria in marine lagoons were between 5 x 103
cells mL-1 and 3.5 x 105 cells mL-1, with higher levels in upwelling regions with higher
nutrient levels (Vaquer et al.1996). In mesocosms experiments at the Archipelago Sea,
from the southeastern coast of Finland, nutrient additions increased Synechoccocus
spp. (Sivonen et al. 1997). In some highly eutrophic lakes, the picocyanobacteria
contribution averaged 30 to 50% to total phytoplankton production demonstrating that
picocyanobacteria can be important in waters of high nutrient content (Carrick and
Schelske 1997). Though there were no significant differences in the range of cell
abundances in each of the NH study lakes, there were significant differences between
seasons signifying that changes in trophic structure, nutrients and light availability may
be major drivers of abundances in these lakes as well.
Other studies have suggested that trophic parameters such as total phosphorus
(TP) may be significantly correlated with the abundance of picocyanobacteria in lakes of
varying trophic status, although were negatively correlated when TP was above 30 g L1

(Pick 2000). In contrast, cyanobacteria dominated the picoplankton community in four
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boreal lakes of varying trophic status, except for one lake that had higher levels of
dissolved humics. The highest PCY concentrations were found in the shallowest
mesotrophic lake with 6.2 x 105 cells mL-1 and the lowest PCY population was in the
deepest lake, with similar trophic structure with 8 x 104 cells mL-1 (Jasser and Arvola
2003). Light and water temperature had the most influence on picocyanobacteria
abundance, with positive significant correlations in the spring for the deep lakes and in
the fall samples for the shallow lakes. Therefore, dissolved organic matter may also
positively influence the relative abundance of autotrophic picoplankton in lake systems.
Photosynthetic growth response of freshwater picocyanobacteria are strain-specific and
sensitive to photoacclimation (Moser, Callieri and Weisse 2009). Very small sizes and
spherical shapes of the Synechococcus cells greatly enhance their nutrient uptake
efficiency and their ability to use low light levels. Cell sizes and the relative
concentrations of the accessory pigments can be affected by light and nutrient levels .
The dominance of certain pigment types reflects the underwater light climate, which is
correlated with the chlorophyll a concentration and, therefore with the trophic state of
the ecosystem (Vörös et al. 1998). Picocyanobacteria dominate in shallow lakes and in
eutrophic and hypertrophic waters, where red light penetrates relatively deep into the
water column (Vörös et al. 1998). There have also been significant negative
relationships between picocyanobacteria abundance and light attenuation (Pick 1991).
Light attenuation was noted the most significant correlate of trophic parameters,
decreasing picocyanobacterial abundances and it was found that colored humic water
may also have a negative affect on these abundances (Pick 1991; Jasser 1997).
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Picoplankton abundance in the pelagic zone of freshwaters is influenced by abiotic
factors such as light, temperature, and nutrients (Burns and Stockner 1991, Bell and
Kalff 2001, Winder 2009). Picoplankton may be more abundant in the epilimnion during
periods of nutrient limitation, with advantages of low sinking rates and a high surface
area to volume ratio of tiny cells (Klut and Stockner 1991; Passoni and Callieri 2000).
Populations of PCY can also be negatively affected by cell lysis, decreasing due
to UV and visible light degradation (Modenutti et al. 2010). In ocean studies
picoplankton cell death may be significantly increased by UV damage from underwater
light (Llabrés and Agusti 2006). Cell death might be higher in a clear lake such as
Christine Lake, due to light penetration and lysis. Sensitivity to light varies between
genera of picocyanobacteria and may also be due to variations in light adaptation
between species and occupied niches (Agusti 2004). Eukaryotic picoplankton is more
sensitive to light and may be the reasons why there were lower total percent
picocyanobacteria to total picoplankton in the meso-eutrophic, Willand Pond (Agusti
2004).
Cyanobacteria can occupy depths with little light as they adjust to the changing
seasons, temperature and light availability. Climate change may favor the growth of the
small autotrophic picoplankton, between 0.8 to 1.5 micrometers, that grow more rapidly
in the warmer temperatures as shown in laboratory experiments and fieldwork in Lake
Baikal (Moore et al. 2009). Warm temperatures are a major driver of picocyanobacteria
(Synechocystis limnetica) growth in Lake Baikal (Moore et al. 2009, Richardson et al.
2000) and picoplankton abundance increases strongly with enhanced, prolonged
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stratification of the upper water column during summer and fall (Moore et al. 2009, Fietz
et al. 2005). Seasonal changes and weather may have stronger effects on populations,
as spatial distributions can vary significantly both vertically and horizontally. Growth is
determined by light and diel cycles that may be due to circadian rhythms as well. The
doubling time of Synechococcus species can vary from hours to days but is often
reported to be less than 24 hours. In lakes Huron and Michigan, Synechococcus growth
rates averaged 0.37 d-1, lower than that found in oceans > 0.5 d-1. These growth rates
might be affected by several factors including predation and other lysing mechanisms
(Stockner et al. 2000a) and are likely balanced by both abiotic and biotic factors
(Andersson et al. 1994; Ning et al. 2000; Pick 1991).
Trophic state and the abundance of picocyanobacterial (mainly identified as
Synechococcus spp.) were correlated with the phytoplankton biomass expressed as
chlorophyll a in a study by Weisse (1993). In lakes that were < 10 µg Chl a L-1 the
percent contribution of picocyanobacteria biomass to total phytoplankton biomass were
greater than 70%, though when extreme chlorophyll values were reached at about 100
µg Chl a L-1, the contribution was reported as low as less than 10% (Weisse 1993).
Since chlorophyll concentrations in New Hampshire lakes are often < 10 µg L-1 and are
nearly always well below 100 µg L-1, it is likely that picocyanobacteria make a significant
contribution to total phytoplankton biomass in N.H. lakes.
Cyanobacteria Taxa
Many of the net cyanobacteria species in Christine Lake were considered
picocyanobacterial microcolonies due to their individual cell-sizes, such as
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Aphanocapsa, Aphanothece, Chroococcus, and Merismopedia. Sliwinska-Wilczewska
et al. (2018) described colonial picocyanobacterial in freshwater habitats as species of
Aphanocapsa, Aphanothece, Chroococcus, Coelosphaerium, Cyanobium,
Cyanodictyon, Merismopedia, Romeria, Snowella and Tetracercus (SliwinskaWilczewska et al. 2018; Meriluoto et al. 2017). Taxonomic identification of
picocyanobacteria is generally based on genomic studies, apart from when PCY are
present as microcolonies and more easily observed under compound light microscopy.
There were no significant relationships between lake water concentrations of (singlecelled) picocyanobacteria and concentrations of the net cyanobacteria, microcolony of
Aphanocapsa (these comparisons were made since Apanocapsa spp. was a dominant
taxon of PCY). However, picocyanobacteria and net cyanobacteria abundances were
positively correlated (p=0.0002) and highest cyanobacteria concentrations were
observed in spring and summer in Willand Pond and spring and fall in Christine Lake.
Taxonomic identification requires electron microscopy and molecular methods,
not evaluated here, however based on one Christine Lake sample that was sequenced
for DNA at the UNH Genomics Center, it was determined that the isolate had a variety
of genotypes belonging to the Synechococcus group (unpublished data, Dr. Kelly
Thomas). It is possible that the lake water size category of 0.2-2.0 m also included
other bacteria or single cells of colonial cyanobacteria. In a study by Simek et al. (1995),
cyanobacteria accounted for a large proportion of phytoplankton biomass, dominated by
pico-sized Synechococcus-like species and Microcystis incerta, and also partly by larger
Microcystis aeruginosa.
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The comparisons of biomass weight and cell abundances supported that spring
cells were smaller than cells from other seasons from both Willand Pond and Christine
Lake, since cell counts were higher but without an increase in cell weight. These
findings agree with Ning et al. (2000) where Synechococcus abundances in April and in
May were associated with the spring bloom (mean = 1.3 x 105 cells mL-1 and 1.6 x 105
cells mL-1, respectively), when Synechococcus cells were mostly small between 0.5-0.8
m diameter. High abundances with smaller cell sizes in spring indicated
Synechococcus underwent fast growth and less grazing by predators thought to be
heterotrophic nanoplankton (Ning et al. 2000). Picoplankton cell size were dependent
on available nutrients as cells undergoing starvation, during periods of nutrient
limitation, were described as desiccated, measuring around 0.5 m in size. Nearly 77%
of the picoplankton were of a small size between 0.48-0.57m and larger cells between
1.3-1.8 m made up a smaller percentage of the total picoplankton in Arthurs Lake
(Corpe and Jensen 1992). Similarly, in a survey of 21 Polish lakes, Mazur-Marzec et al.
(2013) found that the smallest of the picoplankton cells dominate lakes with over 60% of
picocyanobacteria cells in the small size category of < 0.7 m.
Picocyanobacteria Toxicity
This is the first study to examine the toxicity of picocyanobacteria in New
England waters. The toxicity of picocyanobacteria in this study were based on
microcystins detected in water fractions isolated on filters between 0.2 and 2.0 m.
Microcystin toxicity increased with PCY cell abundances seasonally, but not significantly
(Willand Pond; Adj. R2= 0.50, p-value=0.18 and Christine Lake; Adj. R2= 0.66, p-value=
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0.27). Since picoplankton were tested for toxins by water fractions between 0.2 and 2.0
m, there are many possibilities for the differences in the toxin content found. Weight
specific MC concentrations in the PCYs in Willand Pond were estimated to be roughly
four times the levels in the oligotrophic Christine Lake (83.7 vs 19.2 ng MC g-1 dwt). It
was also apparent that the PCY may change in toxicity throughout the year.
Concentrations of MCs in the picocyanobacteria were detectable, but generally low (<
16 ag cell-1). There are few studies who have identified the MC cell quota for PCY (< 2
m). Kurmeyer et al. (2003) reported that microcystin toxicity was lowest in the smallest
size fraction. Cyanotoxin cell quotas for the smallest size fraction (<50 m) in the
eutrophic Lake Wannsee, Germany, averaged 1.9 fg cell-1, almost 250 times the toxicity
of the PCY in Willand Pond (7.7 ag cell-1). However, this fraction of <50 m would have
also included much larger cells than the estimates from my study (< 2 m).
Overall, estimated toxin content per cell was lower in the spring and summer
samples as there was a higher cell concentration but without a large increase in
microcystins measured from the filters. A limitation of the method employed to measure
PCY toxicity is that it is likely that the weight-specific concentrations of MCs in the
picocyanobacteria in this study are conservative estimates. First, the weights of the
picoplankton size fraction almost certainly include and unknown biomass of <2 m
heterotrophic bacteria, thereby inflating the estimates of the PCY biomass. Secondly, it
can be assumed that not all PCYs collected are equally toxigenic, and thus by
combining low or non-toxic PCYs the estimates do not indicate the highest possible
toxicities of PCYs in nature. Thirdly, >10% of the APP were picoeukaryotes, or non144

PCY, and likely not producing MCs (average 88.9% of picoplankton were PCY for both
lakes and all seasons). The lower weight-specific MC-toxin levels of PCY in Christine
Lake could reflect resource limitation, such as lower N and P nutrients, since ultimately
the production of microcystins can often be related to cell growth rates (Kurmeyer et al.
2003). It could also reflect differences in biovolume and toxin content or due to PCY
species composition and the frequency of MCY genes that regulate toxin production
(Tillet 2001).
In Christine Lake, spring resulted in the highest picocyanobacteria cell
concentration, though without detectable toxins. Willand Pond resulted in higher
detectable levels of springtime microcystin in the picoplankton fraction, but with a lower
estimate of MC content per cell due to the increase in cell abundance. The low
microcystin values associated with the spring samples are interesting because it
suggests that these cells may not produce as much toxin during their spring growth
phase. This time also represents part of the clear-water phase, when zooplankton
abundances and grazing begin to peak. The higher cell concentration may be
associated with spring growth phase where cells are not fully formed and may not
contain significant levels of microcystin until fully grown. These cells were possibly
smaller, dividing and growing during this time. This idea is also supported by the total
weight or biomass measured from the picoplankton filters. The weight content per
volume relative to cell concentration may support that these cells are likely smaller in
springtime as has also been described in other studies (Weisse and Kenter 1991;
Weisse 1993; Ning et al. 2000). The sizes of these cells in the present study were not
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determined in this study as the fluorescence aura blurred the boundary of these cells
and did not allow for measurement of cell sizes. However, the weight and cell counts
support that spring cells were possibly smaller than found in other seasons.
Microcystin detection in the NH study lakes are interesting because they were
isolated in the picoplankton size fraction, but the origins are not identified to specific
types or species of picocyanobacteria. In Christine Lake there were similar cell
concentrations in lake water for both the spring and summer, however the highest toxin
content on the filter was found in the fall season and toxins were below detection limits
in the spring. The difference in cyanobacteria composition between the lakes and
seasons could be another factor regulating MC-toxicity. Cyanobacteria cells found on
the filters may also be representative of single cells released from colonial
cyanobacteria species. Such colonies are typically growing to become larger in
biovolume to create colonies that become dominant in the water column in summer.
Toxic colonial cyanobacteria are typically Microcystis, common in this meso-eutrophic
lake. These cells in their single form are found to vary in size due to the species or
growth conditions and may vary between 1-4 microns in size. Though it is also possible
that these cells represent those of a microcolony of picocyanobacteria, as it is known
that Aphanocapsa can also produce MCs and could also be a source of MC-toxicity in
the picoplankton fraction of the lake water. With the significant populations of
Aphanocapsa in both of these lakes, it is possible that the cells detected as toxic were
from the single cells from the microcolonies of this species. Picocyanobacteria
populations may vary both vertically and horizontally and different populations could
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represent the differences in toxins found. This again would need to be further evaluated
by genetic testing of the populations possibly using the molecular methods such as the
marker 16S-23S rRNA internal transcribed spacer sequence or by PCR methods for
detecting microcystins.
Very few studies have described picocyanobacteria as toxic (Carmichael and Li
2006; Blaha and Marsalek 1999). The changing weight-specific toxicities of the
autotrophic picoplankton fractions were noteworthy, though it is unknown whether there
are various types of picocyanobacteria that may represent different toxicities in my
study. Few studies show picocyanobacteria to be toxigenic. For example, strains of
Synechococcus can produce microcystins (Carmichael and Li 2006; Blaha and
Marsalek 1999). Synechococcus have also been described to have toxic effects on
vertebrates and invertebrates, but without clear identification of the specific toxins
(Martin 2005, 2007; Hamilton et al. 2014). Microcystins were also detected in
Aphanothece, Gloeocapsa, and other smaller genera of cyanobacteria related to
picoplankton sizes, though were often in colonies or in filamentous forms when toxic
(Carmichael and Li 2006). This finding suggests that toxicity may increase per cell when
microcolonies are forming. Four cultures, identified as Synechococcus, were positive for
microcystins by methods using ELISA and LC/MS techniques. Microcystin-YR and LR
were detectable and ranged from 0.147 μg L-1 to 1 μg L-1, however the abundances of
Synechococcus was not noted (Carmichael and Li 2006). Extracts of marine
picocyanobacteria genera Cyanobium and Synechococcus, and other net cyanobacteria
genera isolated from the Portuguese coast induced acute toxicity in nauplii of the brine
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shrimp A. salina. Toxic effects and mortality on nauplii were observed from each of the
aqueous extracts from the various cyanobacteria strains studied, even when no toxins
were detected by MALDI-TOF-MS and PCR (Frazão et al. 2010). Some marine
intertidal Synechococcus strains from the Portuguese coast, produced substances with
neurotoxic effects on mice, causing decreased respiratory activity and a general loss of
equilibrium (Martins et al. 2005). Synechococcus strains also produced substances with
negative effects on invertebrates (Martins et al. 2007); however, the identity of these
compounds was unknown. Exposure to bloom-like concentrations (1.5 × 106 cells mL−1)
of two Synechococcus strains altered behavior in Black perch (Embiotoca jacksoni),
causing the fish to significantly prefer darkened conditions. This was an indicator of
increased stress and anxiety when exposed to these picocyanobacteria blooms. In
addition, there was a statistically significant decrease in velocity, and increase in
immobility, with fish meandering more in comparison to the control fish (Hamilton et al.
2014). Seven strains of picocyanobacteria from Caruaru Reservoirs showed the
presence of microcystin by ELISA analyses. The range of microcystin concentrations
varied between 0.08 and 3.7 ng MC mg-1 dry weight in these cultures (Domingos et al.
1999), overlapping with the field estimates of weight-specific toxicity in Willand Pond
(0.04-0.16 ng MC mg-1 dwt). However, again cell concentrations were not noted.
Some picocyanobacteria are capable of colonizing and can become part of a
surface bloom, known as the formation of microcolonies (Callieri, 2004, 2010, 2011).
The most notable cyanobacteria toxin poisoning of humans was by a microcolony of
picocyanobacteria known as Aphanocapsa. Reservoir water was used for a dialysis
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treatment center in Brazil and the cyanobacteria, Aphanocapsa, was found to be the
microcystin-producing strain that caused 40 people to die and led to another 40 in
critical condition with liver failure (Domingos et al. 1999, Avezvedo). Callieri (2010)
suggests that unicells of picocyanobaceria may further develop into microcolonies of net
cyanobacteria (Figures 7 and 8). Microcolonial cyanobacteria such as Aphanocapsa are
problematic in a study using size fractionation, since each cell is approximately 1 m in
diameter and thus PCY, though they often form colonies exceeding 50 m in diameter.
Microcolonies have been described to be at least 4 cells per colony, or ranging from 550 cells, size ranges that would place these colonies in nanoplankton and net plankton
size fractions (Vörös et al. 1991; Pick and Agbeti 1991; Stockner and Shortreed 1991;
Callieri 2010). Cell counts per colony were much greater in the NH study lakes with an
average of approximately 200 cells per colony. The mucilaginous properties of the
cyanobacteria allow for colony formation of these small cells to stick in the secretion of
the mass. These cells then can be classified as net cyanobacteria since colonies can
grow to >50 m, getting caught in net hauls. Aphanocapsa colonies were found in both
of the NH study lakes and were a dominant cyanobacteria taxon in Christine Lake
(Figure 8).
Grazer Impacts on PCY
Picocyanobacteria populations varied with season in Christine Lake (4.5X), and
with a wider range in Willand Pond (14X). Picoplankton abundances may decrease due
to competition with other phytoplankton, grazing pressures, water column mixing and
nutrient depletion (Weisse 1993; Callieri and Stockner 2000; Weisse and Kenter 1991;
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Gaedke and Weisse 1998; Padisák et al. 1997; Burns and Schallenberg 1996, 1998,
2001). The ability for picoplankton to adapt to low light, and possibly resist some grazing
may contribute to their ability to dominate, as they occupy several niches that may be
uninhabitable for other autotrophs, have been observed to colonize in the presence of
grazers, and may pass through the gut of Daphnia in-tact (Callieri 2004). Top down
effects from grazers may explain the variation in picoplankton abundances found.
Cellamare and Jacquet (2009) detected colonies of picoplankton under flow cytometry
methods, suggesting a method for more efficient nutrient recycling through grazing
impacts. If grazing and growth rates for picocyanobacteria are similar, the population
may remain fairly constant depending on the environmental conditions (Cellamare and
Jacquet 2009). Cells may form colonies, increasing in size and shape, in the presence
of grazers as a result from both nutrient recycling and predator defenses. (Callieri and
Stockner 2002; Passoni and Callieri 2000). Passoni observed that Aphanocapsa formed
colonies in the presence of grazers, a mechanism that is considered a defense against
grazing. Perhaps the increased toxicity of such colonies would also increase grazing
resistance. Stockner (1991) also suggested that this colony formation strategy could be
an antipredator mechanism. The abundance of Aphanocapsa was significant in
Christine Lake, especially in spring and summer when PCY abundances were also
highest when the relative abundance of Bosmina and Daphnia were also highest
(chapter 1).
The extremely low concentrations of MCs in the PCYs could affect the role of
PCYs in the transfer of toxins in the lake food web. For example, the high levels of
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microcystins seen in bloom-forming cyanobacteria are often hypothesized to inhibit the
feeding rates of grazing zooplankton, reducing MC transfer to higher trophic levels
(Haney 1987; Paerl et al. 2013). The contrast in toxins levels in the large and small
cyanobacteria suggests possible opposing roles in the food web. If the low
concentrations of microcystins found in the PCY do not have an inhibitory effect on
zooplankton feeding, the picocyanobacteria may be an effective means of supplying
MCs to the zooplankton, promoting bioaccumulation of these toxins.
Grazing measured by 14C fluorescent labeling techniques can be used to
interpret the grazing pressures on picoplankton (Callieri and Stockner 2002). Filtering
rates (Liter ind.-1 h-1) of selected grazers on 14C-labeled Synechococcus cells were
compiled (Lampert and Taylor 1985, Fahnenstiel et al. 1991). The records on filtering
rates (Liter ind.-1 h-1) by major grazers consuming picoplankton include Daphnia
retrocurva: 250, Daphnia galeata: 249, Bosmina: 10.9, Diaptomus: 4.5-11.2 (varied by
species), Limnocalanus: 2.6, Cyclops: 1.2, Nauplii: 0.7, and Asplanchna: 0.6. The
importance of larger organisms consuming picoplankton decreased with increasing
body size. The largest class (> 153 m, exclusively crustaceans) was responsible for
2.4% of the total grazing loss, while organisms <8 m had the highest effect on
picoplankton with grazing loss at 68% (Lampert and Taylor 1985; Fahnenstiel, et al.
1991). Additionally, small copepod nauplii ingesting picocyanobacteria were found in
observations by Tarbe et al. (2011), supporting the idea of non-accidental feeding (Roff
et al. 1995; Tarbe et al. 2011). Cladocerans might have a strong grazing impact on
ciliate populations as well (Porter et al. 1979; Jurgens 1994). Overall, the trophic
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cascade effects can influence the abundance of the picoplankton populations in lakes,
with direct and indirect causes.
Grazing effects on picocyanobacteria are notably significant, especially by the
ciliates and the heterotrophic nanoflagellates (HNF’s). However, mixed results have
been found depending on the lake and season. From a study conducted in the summer
of 1993, protozoan grazing in the epilimnion and metalimnion of the eutrophic Rimov
Reservoir in south Bohemia found that ciliates can have a significant effect on the
populations of picoplankton (Simek et al. 1995). Highest grazing rates were 560
picocyanobacteria cells h-1, specifically by Vorticella aquadulcis-complex. Most of the
ciliate species preferred picocyanobacteria. In another study, ciliates consumed about
100 cells h-1 over the seasons and were a major consumer of picoplankton with over
90% dominance of PCY (Tarbe et al. 2011). Pernthaler et al. (1996) found that
heterotrophic nanoflagellates (HNFs) were responsible for 90% of picoplankton grazing,
compared to ciliates at 10%.
Ecological Significance
Picocyanobacteria represent a significant proportion of the total photosynthetic
picoplankton community and the ecological significance and cyanotoxicity of the
picocyanobacteria are important to consider (Fahnenstiel and Carrick 1992; Fuller et al.
2003; Moser, Callieri and Weisse 2009; Raven 1998). However, the ecology, diversity,
and toxicity of the freshwater picocyanobacteria are still not well understood. This study
addresses the PCY seasonal abundance, microcystin toxicity, and implications for PCY
to transfer cyanotoxins into lake food webs. The seasonal abundance and dominance of
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the picocyanobacteria in the selected lakes were comparable to other studies. A logical
next step would be to evaluate PCY for their genetic diversity of species and production
of other widespread cyanotoxins, such as BMAA. Consideration of picocyanobacteria
are important in evaluating issues related to harmful cyanobacteria and public health.
More emphasis should be placed on understanding the abiotic and biotic factors that
stimulate PCY growth and toxicity. This study provides insight into the abundance and
microcystin-toxicity of the picoplankton size fraction and the total phytoplankton
community within two New Hampshire lakes of contrasting water quality and trophic
conditions. These findings are also noteworthy as it highlights the potential importance
of PCY in the transfer of toxins in lake food webs.
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Figure 8. Aphanocapsa under compound light (top) and epifluorescence (bottom),
as a colony and single cells.
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Chapter 3:
Tracking Lake Food Web Interactions and the Pathway of Cyanotoxins to
Zooplankton using Stable Isotope Analyses of 13C and 15N

Abstract
Stable Isotope Analyses (SIA) of Carbon (δ13C (‰)) and Nitrogen (δ15N (‰)) have been
used together to model aquatic and terrestrial food webs. SIA of δ13C and δ15N are
commonly used to estimate trophic position of consumers and tracking carbon flow from
their diets. However, delineating aquatic plankton interactions at the base of the food web
are complex and not well documented. There is little known on SIA signatures of δ13C
and δ15N amongst zooplankton and phytoplankton in nature. I set out to identify the SI
ratios of δ13C and δ15N and trophic shifts between zooplankton and phytoplankton diets
(including cyanobacteria) based on size categories defined as picoplankton,
nanoplankton and net phytoplankton. Phytoplankton were analyzed separately by size
categories, while individual zooplankton were grouped by taxa and feeding behavior
(herbivores, omnivores, carnivores). Seasonal succession of plankton and the physical
and chemical variations of two lakes of contrasting trophic structures were examined.
Cyanobacteria were a major phylogenetic group of the phytoplankton community, with
the potential to transfer cyanotoxins to zooplankton. There were no significant differences
between the mean trophic shift for carbon and nitrogen for zooplankton consumers based
on diet sizes overall. δ13C signatures for picoplankton, nanoplankton and net
phytoplankton ranged from ~ -34‰ to ~ -27‰. δ15N SI values for zooplankton seasonally
varied, ranging from ~+2 ‰ to ~+13‰; and were also compared by feeding behavior.
Trophic shifts (+/- ∆ ‰) between diet and consumers were identified, with significance on
the variation between zooplankton and diet sizes. Trophic Levels (TL) for zooplankton as
consumers were estimated against the size fraction diets. Average TL for zooplankton
communities overall were 1.4 +/- 0.10 for oligotrophic Christine Lake and 1.82 +/- 0.07 for
meso-eutrophic Willand Pond, though TL estimates varied with food size. Trophic Level
and cyanotoxicity accumulation for zooplankton communities also varied seasonally.
Relationships between trophic levels and cyanotoxins were modeled to predict the
Trophic Magnification Factors (TMF) of cyanotoxins in zooplankton. Results of this study
highlight the seasonal variations and trophic positions of the zooplankton, commonly
regarded as the baseline in most food web studies using SIA.

163

INTRODUCTION
Stable isotope analyses (SIA) can be used to delineate trophic interactions and
trace pathways of energy across various environments (Peterson and Fry 1987;
Cabana and Rasmussen 1996; Post 2002; Minagawa and Wada 1984; Vander Zanden
and Rasmussen 1999, 2001). Stable isotope analyses involve the measurement of
stable isotope ratios using mass spectrometry that separates different isotopes of an
element based on their mass-to-charge ratio. Isotope analyses identify isotopic
signatures and the abundance of selected stable isotopes in organic and inorganic
compounds. SIA can be used to characterize a variety of physical, geological,
paleontological and chemical processes including the flow of energy through a food
web. SIA have been used to investigate human and animal diets, authenticate food
sources, determine trophic structures, model past environmental and climatic
conditions, and aid in identifying the pathways and accumulation of contaminants in
diets (Post 2002; Goericke et al. 1994).
Carbon and Nitrogen are of interest due to the combined benefit of characterizing
the food sources and trophic positions together. Carbon isotopes ratios of consumers
are similar to ratios of their diet (“you are what you eat”), while nitrogen isotope ratios
are enriched in δ 15N relative to their food source. The relationships between the
isotopic fractionations of Carbon (13C:12C) and Nitrogen (15N:14N) are widely used to
determine food source and trophic structure, respectively. These ratios are expressed
as δ13C and δ15N in units of ‰, describing the fractionation of the isotopic signatures.
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The shift or variation (∆) in trophic structure between the consumer and its diet have
been outlined in many studies (Peterson and Fry 1987; McCutchan 2003; Vander
Zanden 1997, 2001; Fry 2006). It is well documented and disputed that the shift in
Carbon is typically +0‰ and the shift in Nitrogen is near +3‰ between consumers and
diets. Ratios of stable isotopes between diet and consumer are determined by
differential digestion and fractionation during assimilation of carbon and nitrogen
through metabolic processes (Peterson and Fry 1987). An enrichment of δ15N is the
result of excretion of the lighter isotope (14N) via protein synthesis. As consumers
assimilate food for growth and metabolic processes, some of the energy is lost due to
excretion and respiration. Together, δ13C and δ15N can illustrate the trophic structure
(Wada et al. 2013; Fry 2006; Cabana and Rasmussen 1996).
The potential food web structure in freshwater systems is dynamic, changing
daily and seasonally, and dependent on its networks of energy flow. It is the shifts
between δ13C and δ15N between the diet and consumer that have been most noted in
the literature; as new studies reveal variations in trophic shifts that have been
dependent on several variables, ranging from methodology, seasonality, water
conditions, and food web structures. Trophic shift can vary from species to species and
can also vary from individuals within a species (Brett 2014). Estimates of trophic shift
can vary due to tissues analyzed and the biochemical processes that differ between
tissues, and it can vary based on what is defined as the base of the food web (DeNiro
and Epstein 1981a; Post 2002). Many reproaches on the use of SIA have been
addressed in other papers on the topic of SIA for a range of reasons (McCutchan 2003).
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The assumption of food source can be incorrect and most-often incomplete; the
baseline of the food web may vary; the differences in methodology and types of tissues
analyzed have been noted; controlled diets versus natural diets have been addressed;
spatial variations and the general complexity of omnivorous consumers puts strain on
such food web models (Post 2002; McCutchan 2003). Still the use of SIA to trace
organic matter and energy pathways requires the determination of trophic shift between
diet and consumer, commonly utilized for isotope ratios such as δ 13C and δ15N.
The fractionation between diet and consumer is universally accepted as 3.4‰ for
δ15N and known as the trophic enrichment constant (Minagawa and Wada 1984). This
factor is also used to determine trophic levels (TL) in food webs, with the base of the
food web defined as primary consumers or zooplankton. This factor is mainly utilized for
estimates of trophic level or positions for secondary consumers or carnivores such as
fish, though is also extensively used for whole food chain estimates. The 3.4 factor in
the TL equation has been a critical factor used to calculate TL across a range of carbon
sources, environmental conditions and feeding behaviors (Kling et al. 1992; Peterson
and Fry 1987; Houde et al 2008). While the trophic enrichment between each level is
estimated to be 3.4 ‰, this factor is typically lower for herbivores at about 2.5‰ , while
omnivores are more wide-ranging between these two factors (Vander Zanden 1997).
For whole food chain estimates with mixed feeding behavior, the trophic enrichment
factor of 3.4 is applied.
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The trophic level can be measured by applying the following equation;
TL= (δ15Nconsumer-δ15Ndiet)/3.4+2, where Trophic Level equals the difference (∆)
δ15N between consumer and diet, divided by the trophic enrichment constant (3.4‰) +
the assumed TL for primary consumers or zooplankton (2).
Identifying the isotopic ratios and trophic shift for δ13C and δ15N to trace the
unique pathway of energy in lake food webs adds to the ever-growing effort in research
to determine trophic interactions and trophic shift, especially in aquatic food webs. While
SIA have most often been used to outline trophic interactions qualitatively, several
studies have also applied quantitative uses of SIA (Vander Zanden 1997). Most notable
for this research is its utility to support models estimating bioaccumulation of toxicants
or contaminants in food webs (Xu et al 2016; Houde et al. 2008; Jardine et al. 2006;
Rasmussen et al. 1990).
The main objective of this study was to determine the SI ratios for δ13C and δ15N
of zooplankton and phytoplankton in NH lakes to estimate the trophic position of
zooplankton with varying feeding behaviors. The seasonal succession and composition
of plankton are important factors to consider when applying analyses for stable
isotopes. Food webs are dynamic and establishing the baseline of a given food web
allows trophic structures to be drawn. Zooplankton as primary and secondary
consumers were modeled to reflect the consumer in the models, while phytoplankton
(compared by diet size) was outlined as the baseline of the food web. There are
differences in food size that may be an integral factor in delineating plankton
interactions. First-order interactions between zooplankton consumers with varying
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feeding behaviors, and phytoplankton fractionated by size were determined. The
seasonal changes and comparisons between two lakes of varying trophic structures,
water qualities and classifications were documented. I set out to test SI relationships,
outlining trophic structure of dominant zooplankton and phytoplankton based on feeding
behavior of consumers and size of diets. The food web interactions, trophic level and
inferred diets were applied to determine trophic magnification factors that could be
compared to simplified ratios between cyanotoxin accumulation in consumers compared
to their diets. Further, implications to model pathways of cyanotoxins between
zooplankton and phytoplankton using SIA could outline the potential flow of cyanotoxins
at the base of aquatic food webs. In this study, the relationship of cyanotoxins and
trophic level were determined for phytoplankton and zooplankton in two temperate New
Hampshire lakes seasonally. By understanding the varying trophic levels of zooplankton
by season, I set out to test if Trophic Magnification Factor (TMF) equations could be
applied to predict the cyanotoxicity (microcystins and BMAA) of zooplankton.
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MATERIALS AND METHODS
Study sites and sample collections in the field
Two New Hampshire lakes of contrasting trophic conditions were compared
seasonally during 2012 to describe their planktonic food webs, using stable isotope
analyses (SIA) of carbon and nitrogen. Seasons were defined by four sampling dates
for each lake, i.e. winter (February), spring (May), summer (August) and fall
(November/December).
Plankton collections
In this study, pelagic net phytoplankton were separated from pelagic net
zooplankton. Samples were collected from the deep site of both lakes and all seasons.
Plankton net hauls (50 m Nitex mesh) from the water column of the lakes were
collected and effectively separated in the field using a light/dark phototactic method (in
triplicate) that promoted rapid movement of the zooplankton toward the lower lighted
region of the chamber, while the phytoplankton remained in the darkened top (as
described in chapter 1). The two fractions, representing net phytoplankton and net
zooplankton communities, were separately filtered onto 50 m Nitex mesh and held on
ice until further processing. Additionally, a coarse plankton net (375 m) was used to
collect zooplankton (primarily large cladocerans and copepods) from the water column,
collected onto 50 m mesh and stored on ice until arrival to the laboratory. Integrated
water samples (x3) were pumped up through the water column from the deep site using
a peristaltic pump (13 mm diameter Tygon tube) and water samples were stored on ice
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until fractionation at the lab. Water was collected for water quality and fractionation
purposes.
Sample storage and processing in the laboratory
To minimize the influence of gut contents on the SIA, in the laboratory the
zooplankton were washed off the mesh into glass dishes with distilled water and
allowed to depurate in filtered lake water for 30 min to 1 h before individually picking the
most abundant organisms. Using a dissecting microscope (40X), zooplankton were
identified and separated by major taxa in the system by picking them out with jewelers’
forceps and placing into 1.5 mL microcentrifuge vials. Macrozooplankton were isolated
into groups by major zooplankton type for the analyses of SIA and cyanotoxins.
Zooplankton were grouped in counts of 300 and placed into tin cups specialized for SIA.
Zooplankton were analyzed as whole organisms and were not pre-extracted to remove
lipids. Zooplankton were dried in an oven at 60 °C for 8 hours and final dry weights were
recorded before samples were stored in desiccators until SIA.
Water was serial fractionated to isolate phytoplankton by sizes of net plankton (>
50 m), nanoplankton (2 – 50 m) and picoplankton (0.2-2.0 m) categories, commonly
used for size fractionation of the freshwater plankton. The relative abundance of
cyanobacteria in each phytoplankton category was identified under a compound
microscope at 400X. To separate the size fractions, whole water was first passed
through a 50 m Nitex mesh and the filtrate (<50 m) water was then slowly vacuum
pumped through coarse glass fiber filters (GFC 25 mm diameter, ~1.6 m) that had
been pre-filtered with distilled water and combusted (@500 °C). Filtrate from this
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fraction was then passed through (pre-filtered and combusted @500 °C) fine glass fiber
filters (GFF 25 mm diameter, effective pore ~0.3 m). Filters from whole lake water
fractionation were also placed in tin cups (9x6) to be dried until SIA. Filters were dried in
an oven at 60 °C for 18-24 hours. Once filters were dried and weighed, non-filtered
edges were cut before filters were placed in tin cups for SIA. Final dry weights for all
plankton compartments were determined and all samples were kept in a desiccator until
SIA. Sample dry weights ranged from 0.5 to 3 mg.
Stable Isotope Analyses (SIA)
SIA of samples were analyzed at the University of New Hampshire Stable
Isotope Lab, Durham, NH 03824 (A. Ouimette and E. Hobbie). Sample trials were
conducted in 2011, sample collection and processing were completed in 2012, and data
interpretation was shared and reviewed in 2013. Technical support was provided by A.
Ouimette and R. Mixon (staff under Dr. E. Hobbie). The ratios for δ13C and δ15N were
measured using a Finnigan Thermo Electron Delta Plus XP Mass Spectrometer and
Thermo GC Trace Ultra Mass Spec. The Mass Specs were coupled with a Costech
ECS4010 Elemental analyzer, with autosampler trays, Quartz tube with quartz wool and
magnesium perchlorate, and water trap, with the furnace set @ 1040 °C. Samples were
analyzed through Finnigan Conflo III (Thermo Electron Corp.). The Mass Spec was
outfitted to measure a wide range of sample sizes with an amplifier board. High
amplification mode used for phytoplankton fractions can measure Carbon and Nitrogen
isotopes on samples containing as little as 5-10 g of Carbon or Nitrogen. High
amplification mode was applied for phytoplankton fractions. Samples were standardized
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against atmospheric nitrogen and PeeDee Belemnite (PDB), national and global
standards for mass spec use in analyses of nitrogen and carbon, respectively. Sample
peaks were calibrated to lab and universal standards (sample comparisons were made
with lab standards from apple gall, tuna, and bolete), for SIA and corrected using the
equation,
‰ = [(Rsample/Rstandard)/(Rstandard)*1000], where R (ratio) = 15N:14N or 13C:12C,
described as δ13C and δ15N in units of “per mil” in notation of ‰.
In this study, I aimed to determine the seasonal SI ratios for plankton using δ 13C
and δ15N. The baseline of the SIA food web structures were primary producers, defined
by size categories of phytoplankton and cyanobacteria, while macro zooplankton were
the focus subject as consumers in the food web analyses for this study. Comparisons of
diet-consumer relationships between zooplankton and phytoplankton as separate food
sources, i.e. net phytoplankton, nanoplankton and picoplankton were made.
Classification of the feeding behavior for primary and secondary zooplankton
consumers were compared. Selection of species of zooplankton to be picked was
based on visual observation of dominance (confirmed by enumerations - chapter 1).
Plankton assemblages were compartmentalized as:
Phytoplankton (primary producers) and microzooplankton:
4. Net Phytoplankton (> 50 m; phytoplankton composition reported in chapter 1).
5. Nanoplankton (2-50 m; mixture of unidentified microzooplankton, protists and
phytoplankton).
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6. Picoplankton (0.2-2.0 m; known picocyanobacterial abundances and relative
contribution to fraction reported in chapter 2.
Zooplankton (primary and secondary consumers):
5. Combined Community (Macro) Net Zooplankton (>50 m; composition reported
in chapter 1, excludes Chaoborus and Leptodora in community samples).
6. Herbivores (Daphnia, Calanoid, Bosmina, Holopedium)
7. Omnivores (Calanoid)
8. Carnivores (Cyclopoids, Chaoborus, Leptodora)
Cyanotoxin Analyses
Samples were collected and processed in the same manner as was described for
SIA preparations. Species isolates were frozen into 1.5 ml microcentrifuge vials for the
analyses of cyanotoxins by ELISA methods (Enzyme-linked Immunosorbent Assay) for
microcystins/nodularins (Quantiplate, Envirologix Inc, Portland, ME and BMAA (Abraxis,
Warminster, PA) following the protocol of the provided kits. Toxin results were
expressed as weight-specific toxicity (ng toxin dry-weights g-1). Major macrozooplankton
groups were identified and approximately 300 zooplankton individuals from each group
were also isolated for the detections of microcystins and BMAA (cyanotoxins).
Equations and Statistical Analyses
Statistical analyses were performed using Microsoft Excel and SigmaPlot 12.5
with Systat. One Way ANOVA and All Pairwise Multiple Comparison Procedures using
Tukey Post Hoc tests were used to determine significant differences in means.
Standard t-tests and rank-sum comparisons were used for lake comparisons. The
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number of sampling dates for each lake was four, representing the categorical seasons
of “winter, spring, summer and fall” considering the latitude (44-45 degrees North). All
replicates for plankton compartments had an n=3, unless otherwise noted. Statistical
comparisons of SI signatures were made between lakes and seasons using ANOVA, ttest and linear regression correlations.
Trophic Levels (TLs)
TLs were calculated according to the concepts used by McCutchan et al. (2003),
Post (2002) and Vander Zanden and Rasmussen (1999) and modified for the purpose
of this study. Trophic Level estimates for traditional SIA analyses have been based on
carnivore diets, using zooplankton or primary consumers as the base of the food web.
TL= (δ15Nconsumer- δ15Ndiet)/3.4+2
where 3.4‰ is the accepted enrichment factor between diets and consumers across
whole food chains, and 2 is the assumed trophic position of zooplankton. Comparisons
of δ15N signatures were made where I modified TL estimates to reflect phytoplankton
(primary producers) as the baseline and applied the following equation:
TL= (δ15Nzooplankton- δ15Nphytoplankton)/3.4+1
Where 3.4‰ is the generally accepted enrichment factor between diets and consumers
across whole food chains, and 1 is the assumed trophic position of phytoplankton or
primary producers (Post 2002). This model specifically addresses the significance of
identifying the varying trophic levels of zooplankton (as the consumer) and food sources
as phytoplankton (defined by size category, as the diet).
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Trophic Magnification Factor (TMFs)
TMFs were calculated according to Houde et al. 2008, replacing PCBs with
cyanotoxins: MC and BMAA. TMFs were determined from the relationship between the
Trophic Level (TL) of zooplankton and the log concentrations of the cyanotoxins of
zooplankton. Trophic Magnification Factors for zooplankton were determined using the
antilog of the slope for the regression between TL and log cyanotoxins (MC or BMAA).
Cyanotoxin results for MCs and BMAA were reported from each compartment of
plankton tested here.
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RESULTS
Stable Isotope (SI) Ratios of Carbon (δ13C‰) and Nitrogen (δ15N‰) for
Phytoplankton and Zooplankton in NH Lakes
δ13C (‰)
Overall, δ13C signatures in plankton assemblages were enriched in summer and
depleted in winter for both lakes (Tables 1 and 2). There were no significant differences
between lakes for δ13C (‰) for net zooplankton communities and for each primary
producer size fraction, including net phytoplankton, nanoplankton and picoplankton size
categories. Overall, most depleted fractions of δ13C were observed in winter and most
enriched δ13C were found in summer, as there was significant seasonal variability for all
plankton compartments for each lakes and within-lakes (p< 0.05). Picoplankton
community samples were most enriched in δ13C, while overall net phytoplankton were
most depleted amongst all phytoplankton fractions, for both lakes and all seasons.
SI signatures for δ13C of plankton were most enriched in phytoplankton fractions
and most depleted in zooplankton, though there was seasonality to the differences. SI
signatures for δ13C in Christine Lake were most depleted in winter and fall. The most
depleted δ13C signatures were -39.58‰ in fall zooplankton taxa, Calanoida, also with
greatest deviations (+/- 3.63) ‰, and -37.09 ‰ (+/- 0.18) ‰ in winter net zooplankton
community samples. Most enriched δ13C signatures in Christine Lake were -26.84 ‰
(+/- 0.84) ‰ in net phytoplankton samples from summer (Table 1). Average δ 13C‰ for
net zooplankton communities ranged from -37.088 ‰ (+/- 0.181) ‰ in winter to -31.413
‰ (+/- 0.052) ‰ in summer for Christine Lake. Individual zooplankton taxa SI ratios
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were also variable from -39.581 ‰ (+/- 3.628) ‰ in fall Calanoids to -30.727 ‰ (+/0.131) ‰ in summer Daphnia spp. populations from Christine Lake (Table 1).
Compared to the oligotrophic Christine Lake, Willand Pond plankton had slightly
more enriched SI values for primary producers, though slightly more depleted for
zooplankton. SI values for δ13C were most depleted in winter and fall zooplankton with
SI values of -40.36 ‰ from fall net zooplankton communities, -37.87 ‰ (+/- 1.01) ‰ in
fall Calanoida, and -37.39 ‰ (+/- 0.23) ‰ in winter net zooplankton. Willand Pond
plankton were most enriched in summer picoplankton with -27.66 ‰ (+/- 0.24) ‰ for
δ13C (Table 2). Average δ13C for net zooplankton communities ranged from -40.361 ‰
in fall to -30.106 ‰ (+/- 0.503) ‰ in summer for Willand Pond. Individual zooplankton
taxa ranged from -37.869 ‰ (+/- 1.013) ‰ in fall Calanoids to -29.183 ‰ (+/- 0.024) ‰
in summer cyclopoids in Willand Pond (Table 2).
δ15N (‰)
δ15N was enriched in net zooplankton communities and individual zooplankton
taxa across all sampling events for both study lakes. δ15N was more depleted in
picoplankton and nanoplankton fractions than in net phytoplankton populations overall.
The ranges for δ15N were variable by season, with highest enrichment observed in
winter net zooplankton communities, and enrichment of δ 15N from individual
zooplankton taxa in spring and summer samples. Lowest δ15N for net zooplankton
communities in summer, corresponded with the picoplankton δ15N that were also most
depleted in summer. Stable isotope ratios of δ15N were also more enriched in Willand
Pond than Christine Lake overall. δ15N were generally higher in the winter season over
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all other seasons in both lakes (Tables 3 and 4). The order of enrichment for net
zooplankton communities by season for Christine Lake was summer → spring → fall →
winter. Willand Pond slightly varied from that order for δ15N enrichment where fall was
the lowest, but the other seasons were in the same order of δ15N enrichment as
Christine Lake.
Lake comparisons of δ15N by season for all zooplankton taxa were also found to
be significantly different from each other in spring and fall samples (p< 0.05; Figures 1
and 2). δ15N for summer zooplankton taxa overall did not differ between lakes (p=
0.265). Zooplankton communities were variable between the lakes and seasons with
the exception of fall. The fall food web structures were mostly comprised of Daphnia
and Calanoids as they were found to be the dominant taxa in the pelagic water column
in both lakes, though at significantly different ratios for δ15N (Figure 3, p=0.044).
Overall, SI values for δ15N in Christine Lake ranged 1.81 ‰ (+/- 0.22) ‰ in
summer picoplankton to 8.21 ‰ (+/- 0.73) ‰ in summer Daphnia spp. (Table 3).
Average δ15N was estimated from Christine Lake net zooplankton fractions, ranging
from 2.087 ‰ (+/-0.111) ‰ in summer to 6.848 ‰ (+/- 0.081) ‰ in winter. Differences in
δ15N for each phytoplankton fractions were identified, representing all primary producers
in this study, with ranging values of 1.812 ‰ (+/- 0.223) ‰ in summer picoplankton to
6.400 (n=1) in winter net phytoplankton for Christine Lake (Table 3).
The SI values for δ15N in plankton of Willand Pond were more enriched than was
observed in Christine Lake overall. Most depleted δ15N in Willand Pond were estimated
in summer picoplankton (4.65 +/- 0.21 ‰) and fall nanoplankton (3.72 +/- 0.16 ‰).
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Most enriched δ15N occurred in winter net zooplankton communities (12.27 +/- 0.18 ‰)
and spring Cyclopoids (13.45 ‰ +/- 1.80 ‰) (Table 4). Higher enrichment of δ15N in
Willand Pond net zooplankton ranged from 6.999 ‰ (n=1) in fall to 12.274 ‰ (+/- 0.182)
‰ in winter. The primary producers in Willand Pond also had higher δ15N than was
found in Christine Lake. SI Ratios for δ15N amongst the phytoplankton fractions ranged
from 3.720 ‰ (+/- 0.157) ‰ in fall nanoplankton size fractions to 9.969 ‰ (+/-0.107) ‰
in winter net phytoplankton (Table 4).
Zooplankton Feeding Behaviors
δ15N of zooplankton communities differed significantly between lakes (p< 0.05).
Individual zooplankton taxa were categorized into feeding behavior to make further
comparisons of δ15N signatures. Individual taxa were grouped and categorized to
compare feeding behaviors defined as herbivores, omnivores and carnivores. Feeding
behaviors were grouped as herbivores (Daphnia; n=23, Bosmina; n=3), omnivores
(Holopedium; n=3, Calanoids; n=11), and carnivores (Cyclopoids; n=6, Leptodora; n=1,
Chaoborus; n=4). While there were significant differences in δ15N between herbivore
and carnivore feeding types when lake samples were both combined and separated,
omnivores did not differ from the other feeding groups (Figure 4; p=0.044).
Seasonal Comparisons by Plankton Community
Lake comparisons were made between δ15N and δ13C for each plankton
compartment or “community”, i.e. net zooplankton, net phytoplankton, nanoplankton,
and picoplankton. Significantly higher δ15N was found in Willand Pond net zooplankton
communities overall (p< 0.05). However, there were no significant differences for δ 13C
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between Willand Pond and Christine Lake zooplankton. The same pattern occurred for
the net phytoplankton communities for both δ15N and δ13C. One Way ANOVA
comparisons and All Pairwise Multiple Comparison Procedures using Tukey Tests of SI
ratios were used to determine significant seasonal differences amongst the plankton
community assemblages as follows (net zooplankton, net phytoplankton, nanoplankton
and picoplankton).
Net Zooplankton
Net zooplankton communities significantly differed across all the sampling dates
for both elements (C and N) and in both lakes overall (p< 0.001). Winter net
zooplankton had the highest δ15N signatures in both lakes. However, no significant
differences were found for δ15N of net zooplankton between summer and fall in Willand
Pond (p= 0.285). There were also no significant differences for δ 13C in Christine Lake
between spring and summer net zooplankton (p= 0.993).
Net Phytoplankton
Net phytoplankton communities differed only by season for δ15N and δ13C (p<
0.001). Though differences only occurred between winter net phytoplankton and all
other seasons for δ15N in Willand Pond. For δ13C net phytoplankton in Willand Pond,
only fall was different than the other seasons (p< 0.05). Some other exceptions were
also noted in Christine Lake as the only significant difference for δ15N was between
spring and summer for Christine Lake net phytoplankton (p= 0.037). While no significant
differences were found between seasons for δ13C in Christine Lake net phytoplankton
communities (p = 0.105).
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Nanoplankton
The differences in the mean SI values for δ13C among the nanoplankton fractions
of Willand Pond were not great enough to exclude the possibility that the difference was
due to random sampling variability (p= 0.057). Christine Lake δ13C differed only for
spring and summer nanoplankton (p< 0.05). However, the SI ratios of δ 15N for Willand
Pond nanoplankton were significantly different between all seasons (p< 0.001) and in
contrast, δ15N of nanoplankton did not differ across all seasons in Christine Lake (p=
0.147).
Picoplankton
The seasonal comparison of SI ratios for picoplankton in Christine Lake and
Willand Pond were also separately determined. Willand Pond picoplankton estimates of
δ15N were significantly different between winter and summer and winter and fall, but
winter was not statistically different than spring. All other δ15N season comparisons
were not significantly different in Willand Pond. For δ13C of picoplankton in Willand
Pond, no significant differences were found between seasons (p = 0.126). Christine
Lake picoplankton also had some seasonal differences for δ15N and δ13C. δ15N of
picoplankton varied between spring and summer (p = 0.020) and summer and fall (p=
0.027) in Christine Lake. Significant differences for δ13C of picoplankton occurred
between summer and fall (p = 0.007) and summer and spring (p= 0.029) and winter and
fall (p = 0.013). All other seasonal comparison for SI ratios of δ15N and δ13C for
picoplankton were not statistically different in Christine Lake (p > 0.05).
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Zooplankton Taxa
While zooplankton taxa and composition varied between the two lakes, there
were similarities in seasonal succession of the zooplankton. Zooplankton taxa richness
was most diverse in spring and summer for both Christine Lake and Willand Pond.
There was a summer succession towards Daphnia influxes and shifts towards a mixture
of Daphnia and calanoids by fall in both lakes. Despite some observations of similar
succession of trophic composition for the zooplankton, seasonal comparisons for SI
values were not determined for individual taxa as each season was comprised of
different taxa overall (Figures 1, 2 and 3).
Christine Lake Zooplankton Taxa
Plankton compartments of individual zooplankton taxa for Christine Lake were
examined for SI ratios of δ13C and δ15N and were observed seasonally. In winter, there
was not enough macro zooplankton observed to isolate for SIA, as much of the
population was larger rotifers called Asplanchna, though highest δ15N were estimated
for net zooplankton communities comprised of ~ 75% Asplanchna (chapter 1). In spring
zooplankton of Christine Lake, similar nitrogen enrichment occurred between
Holopedium, Calanoid, and Leptodora with δ15N averages of 7.21 ‰ (+/- 0.09) ‰, 7.3‰
(+/- 0.85) ‰, and 6.8 ‰ (n=1), respectively. Cyclopoid and Daphnia taxa had slightly
lower δ15N of 6.31‰ (+/0.34) ‰ and 5.83 ‰ (+/-0.08) ‰ (Figure 1). A major shift
towards a Daphnia dominant zooplankton community occurred in summer. Slight
variations occurred between Daphnia, however higher δ15N ratios were observed in
182

Daphnia dubia over Daphnia catawba (Figure 1). Another shift occurred by fall towards
dominant taxa of Daphnia and Calanoid (Figure 3).
Willand Pond Zooplankton Taxa
The SI ratios for δ15N in Willand Pond zooplankton were also outlined. There
were also not enough macro zooplankton present to pick out individual taxa and test for
SI ratios in winter samples. The net zooplankton community in winter was also more
enriched for δ15N. The spring and summer food webs for Willand Pond were more
complex. The represented zooplankton in spring included Daphnia, Bosmina,
Calanoida, and Cyclopoida. The δ15N for these zooplankton assemblages varied, with
average of 8.573 ‰ (+/- 0.526) ‰, 9.567 ‰ (+/-0.804) ‰, 11.589 ‰ (+/-0.439) ‰, and
13.450‰ (+/-1.795) ‰, respectively. By summer the dominant zooplankton trophic
structure included Daphnia, Cyclopoida and Chaoborus with δ15N of 7.872 ‰ (+/- 0.06)
‰, 7.487 ‰ (+/-0.036) ‰ and 9.507 ‰ (+/-0.507) ‰ (Figure 2). As was observed in
Christine Lake, another shift occurred by fall towards dominant taxa of Daphnia and
Calanoid in Willand Pond too (Figure 3).
Elliptio complanata
As another trophic references, freshwater filter-feeding mussels, Elliptio
complanata (n=3), collected during the summer in Christine lake had SI signatures of
3.29 ‰ (+/- 0.16) ‰ for δ15N and -30.16 ‰ (+/- 0.13) ‰ for δ13C. The trophic level
based on the baseline averages from all size fractions was 1.27 ‰ (+/- 0.098) ‰
(Figure 11).
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Lepomis gibbosus
In Willand Pond, summer SI ratios for the planktivorous pumpkinseed, Lepomis
gibbosus (n=2), were 12.77 ‰ (+/- 0.13) ‰ for δ15N and -28.48 ‰ (+/- 0.06) ‰ for δ13C.
The trophic level using the traditional equation with zooplankton as baseline was 3.2,
compared to 3.31 (+/- 0.18) using the modified equation for primary producers as base,
using the baseline averages from all size fractions, as I present in this current study
(Figure 12).
Plankton Community Relationships between δ13C and δ15N
Linear regressions between ẟ13C and ẟ15N can be used to model trophic
relationships between each link of a food web, often with positive slopes between diet
and consumers as consumers are found to be enriched in both ẟ13C and ẟ15N relative to
their diets. Combined seasonal data of ẟ13C and ẟ15N differed significantly between
each lake and lake data were separated for linear regression modeling between ẟ13C
and ẟ15N. However, negative relationships were found between ẟ13C and ẟ15N when
combining seasons and all plankton communities for each lake (Figure 5, p< 0.05).
Zooplankton were enriched in ẟ15N and depleted in ẟ13C relative to diets. The seasonal
variations were also evident once separated by sampling date, as significant negative
relationships were still observed, though no significant relationships were found in
summer for Christine Lake and for spring and summer in Willand Pond (Figure 6).
Overall, there were negative relationships between consumers and primary producers
represented by the plankton compartments for each season. To simplify SI comparison
across seasons, the trophic complexities of individual taxa were also separately
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analyzed in these relationships, and further comparisons of ẟ13C and ẟ15N were
observed. Negative relationships between net zooplankton and various size categories
of phytoplankton, excluding the individual taxa comparisons, were also observed
(Figure 7). Though not all seasons were found to be significant; as the spring and
summer sampling events for Christine Lake and the summer and fall sampling events
for Willand Pond were not significantly correlated between ẟ13C and ẟ15N (Figure 7).
There were no significant relationships between ẟ13C of each diet size category
and ẟ13C of net zooplankton. However, there were significant relationships between
ẟ15N of each diet size category and ẟ15N of net zooplankton in both lakes analyzed
separately and combined (p< 0.001). Adjusted R2 between ẟ15N of net phytoplankton
and ẟ15N of net zooplankton were 0.98, while relationships between ẟ15N of
nanoplankton and/or picoplankton and ẟ15N of net zooplankton resulted in adjusted R2
values of 0.87.
Trophic Shift
Trophic shift is the difference of SI signatures between diet and consumer,
expressed in ∆ notation. The trophic shift, or variation, of stable isotopes between net
zooplankton communities (as consumers) and phytoplankton by size (as diets) were
estimated and compared. ∆ δ15N values between net zooplankton and all phytoplankton
fractions ranged from -0.88‰ to +5‰ ∆ δ15N for both lakes and all seasons (n=8 for
each phytoplankton size category; combined lakes). ∆ δ15N did not differ significantly
between phytoplankton size categories (p= 0.05); however, there were notable
variations when comparing these sizes as food sources for zooplankton communities.
185

Largest shifts were between zooplankton and picoplankton, as lowest δ15N values were
observed amongst picoplankton. Trophic shift average of ∆ δ1 5N for zooplankton with
net phytoplankton diets were 1.08 ‰ (+/- 0.379) ‰, nanoplankton diets were 2.53 ‰
(+/- 0.498) ‰, and picoplankton diets were 2.56 ‰ (+/-0.566) ‰. Trophic shift average
of ∆ δ13C for zooplankton with net phytoplankton diets were -1.98 ‰ (+/- 1.052) ‰,
nanoplankton diets were -4.55 ‰ (+/- 1.057) ‰, and picoplankton diets were -6.37 ‰
(+/- 1.212) ‰. There were no significant differences in ∆ δ13C based on phytoplankton
size category (p= 0.126), however largest shifts were observed between zooplankton
and picoplankton.
Generally, it is accepted that there is enrichment in ẟ15N in consumers relative to
diets and no difference or very slight enrichment of ẟ13C in consumers relative to diets.
Though, this is not the case when comparing zooplankton as consumers and
phytoplankton as diets. While ẟ15N were higher in consumers, ẟ13C were higher in
consumer diets. The overall negative correlations were consistent as a combined
dataset, though some individual zooplankton taxa were found to be enriched in ẟ13C
relative to net phytoplankton as diets, most notable in spring for both lakes. For
example, zooplankton taxa in Christine Lake in springtime were closest to 0‰ ẟ13C
when net phytoplankton were the assumed diets. Net zooplankton communities were
enriched + 1.06‰, Daphnia spp. were + 1.35‰, Holopedium were -0.46‰, Calanoida
were -0.32‰, Cyclopoida were -0.37‰ and Leptodora were + 1.13‰. Spring
zooplankton taxa in Willand Pond were also enriched in ẟ13C relative to net
phytoplankton. Net zooplankton communities were enriched + 0.89‰, Daphnia spp.
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were + 1.25‰, Bosmina were +2.33‰, Calanoida were +1.60‰, and Cyclopoida were
+4.13‰ (Differences calculated from SI values in Tables 1 and 2).
Enrichment of ẟ13C was also found when examining the relationships between
ẟ13C of higher trophic positions, or zooplankton considered to be predators consuming
other zooplankton. Hypothetical examples could be drawn for both lakes where
zooplankton as secondary consumers were enriched in ẟ13C relative to zooplankton as
primary consumers. In Christine Lake, two simplified pathways could be drawn where
ẟ13C is enriched or close to the assumed 0‰. Cyclopoida were enriched compared to
Calanoida and Holopedium, with enrichments of +0.37‰ and + 0.51‰, respectively.
Leptodora could have consumed some of the net zooplankton, and more specifically
Daphnia spp. with shifts of ẟ13C of +0.07 ‰ and -0.21 ‰, respectively. In Willand Pond,
Cyclopoida were enriched relative to all other major zooplankton taxa assessed in this
study during spring. Cyclopoids were enriched + 3.24 ‰ from net zooplankton
communities, + 1.8 ‰ from Bosmina, + 2.5 ‰ from calanoids and + 2.89 ‰ from
Daphnia. Differences in ẟ13C calculated from SI values in Tables 1 and 2 were
compared to trophic position displayed in spring relationships in Figures 1 and 2.
However, proportionate contribution of diets were not determined.
Trophic Level
Trophic levels were estimated providing baselines as primary producers
(phytoplankton) instead of primary consumers (zooplankton) (Table 5). Trophic level
estimates from the different food sources were compared using a Kruskal-Wallis One
Way Analysis of Variance on Rank and an All Pairwise Multiple Comparison Procedures
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(p< 0.05). Trophic level estimates for zooplankton were lowest in summer and highest in
winter in both lakes (Table 5). Trophic levels of zooplankton communities ranged from
<1 to 2.41 in Christine Lake. Zooplankton were designated at lower trophic levels when
net phytoplankton were the proposed diets, averaging 1.10 (+/- 0.09) for all seasons in
Christine Lake. Trophic levels for zooplankton were higher when based on
nanoplankton and picoplankton diets with TL= 1.53 (+/- 0.13) and 1.57 (+/- 0.12),
respectively (p<0.05), but did not differ significantly from the TL based on net
phytoplankton. Average TL for zooplankton communities estimated from all sources and
all seasons in Christine Lake was 1.40 (+/- 0.10). Higher trophic levels were estimated
for Willand Pond zooplankton communities, as average TL for all sources and all
seasons in Willand Pond was 1.82 (+/- 0.07). Trophic levels ranged from 1.39 to 2.68 in
Willand Pond. As with Christine Lake, trophic level estimates for Willand Pond
zooplankton communities were higher and did not differ between nanoplankton and
picoplankton diets with TL = 1.96 (+/- 0.08) and 1.97 (+/-0.11), respectively (p<0.05).
Trophic Level (TL) for individual zooplankton taxa were also determined (Table 6).
Lowest TL were estimated for Daphnia and Calanoids in Christine Lake during the fall
with TL of 0.88 and 1.52, respectively. Highest estimated TL was found in Cyclopoids of
Willand Pond during the spring with TL of 3.15.
Trophic Magnification Factors of Cyanotoxins in Zooplankton
Trophic magnification factors for cyanotoxins were estimated using the
relationship between Trophic Level and cyanotoxins of zooplankton (modified after the
model by Houde et al. (2008) for contaminants in the Great Lakes. With the combined
188

datasets for both lakes, the slope for microcystin was 0.876 resulting in an estimated
TMF of 7.52 for microcystin in zooplankton (Figure 13). The log base 10 slope for BMAA
was 0.233 resulting in an estimated TMF of 1.71 for BMAA in zooplankton overall
(Figure 13). Increased, positive slopes were observed in Christine Lake (Figure 14). The
slope for microcystin in Christine Lake was 1.326 resulting in an estimated TMF of
21.18 for microcystin in zooplankton. The slope for BMAA in Christine Lake was 0.866
resulting in an estimated TMF of 7.35 for BMAA in zooplankton. The slopes for both
cyanotoxins were negative in Willand Pond, indicating biodilution, rather than a trophic
biomagnification (Figure 15). The slope for microcystin in Willand Pond was -1.715
resulting in an estimated TMF of 0.019 for microcystin in zooplankton. The slope for
BMAA in Willand Pond was -0.583 resulting in an estimated TMF of 0.261 in
zooplankton. Equation details are noted in Figure 13 for the combined datasets, Figure
14 for Christine Lake and Figure 15 for Willand Pond.
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Table 1. Stable isotope ratios of δ13C in Christine Lake by season in 2012.

Christine Lake
Diet

Winter

Spring

Summer

Fall

Netphytoplankton

δ13C ‰

-33.59

-32.62

-26.84

-33.21

SE

na

3.92

0.84

1.76

Nanoplankton

δ C‰

-29.00

-29.47

-27.62

-28.80

SE

0.15

0.52

0.25

0.15

Picoplankton

δ C‰

-27.40

-28.20

-27.07

-28.58

SE

0.24

0.22

0.08

0.16

Average Phytoplankton

δ C‰

-29.997

-30.097

-27.180

-30.194

SE

1.855

1.313

0.232

1.508

Winter

Spring

Summer

Fall

13

13

13

Christine Lake
Consumer
Net Zooplankton

δ13C ‰

-37.088

-31.558

-31.413

-34.660

SE

0.181

0.719

0.052

0.194

Daphnia spp.

δ C‰

-

-31.275

-30.727

-33.269

SE

-

0.330

0.131

0.464

Holopedium

δ C‰

-

-33.082

-

-

SE

-

0.173

-

-

Calanoid

δ C‰

-

-32.935

-

-39.581

SE

-

0.145

-

3.628

Cyclopoid

δ13C ‰

-

-32.568

-

-

SE

-

0.026

-

-

Leptodora

δ C‰

-

-31.489

-

-

SE

-

na

-

-

13

13

13

13
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Table 2. Stable isotope ratios of δ13C in Willand Pond by season in 2012.

Willand Pond
Diet

Winter

Spring

Summer

Fall

δ C‰

-34.25

-33.67

-31.62

-33.74

SE

0.31

0.06

2.07

9.37

Nanoplankton

δ13C ‰

-31.29

-30.46

-30.16

-32.18

SE

0.04

0.11

0.87

0.29

Picoplankton

δ C‰

-28.23

-28.70

-27.66

-28.57

SE

0.19

0.47

0.24

0.15

δ13C ‰

-31.254

-30.946

-29.815

-31.497

SE

1.739

1.455

1.156

1.530

Winter

Spring

Summer

Fall

δ C‰

-37.390

-32.781

-30.106

-40.361

SE

0.225

0.141

0.503

na

Daphnia

δ13C ‰

-

-32.423

-30.778

-35.492

SE

-

0.065

0.133

0.114

Bosmina

δ C‰

-

-31.338

-

-

SE

-

0.358

-

-

Calanoid

δ C‰

-

-32.072

-

-37.869

SE

-

0.132

-

1.013

Cyclopoid

δ C‰

-

-29.537

-29.183

-

SE

-

0.321

0.024

-

δ13C ‰

-

-

-31.501

-

SE

-

-

0.894

-

Netphytoplankton

Average
Phytoplankton

13

13

Willand Pond
Consumer
Net Zooplankton

Chaoborus

13

13

13

13

191

Table 3. Stable isotope ratios of δ15N in Christine Lake by season in 2012.

Christine Lake
Diet

Winter

Spring

Summer

Fall

Netphytoplankton

δ N‰

6.400

4.695

2.965

3.677

SE

na

0.182

0.645

0.181

Nanoplankton

δ N‰

3.466

2.759

2.341

3.398

SE

0.163

0.565

0.360

0.123

δ15N ‰

2.860

3.679

1.812

3.568

SE

0.378

0.215

0.223

0.371

Winter

Spring

Summer

Fall

Picoplankton

15

15

Christine Lake
Consumer
Net Zooplankton

δ15N ‰

6.848

4.862

2.087

5.336

SE

0.081

0.086

0.111

0.065

Daphnia

δ N‰

-

5.829

8.214

3.144

SE

-

0.082

0.732

0.032

Holopedium

δ N‰

-

7.207

-

-

SE

-

0.095

-

-

Calanoid

δ15N ‰

-

7.302

-

5.303

SE

-

0.849

-

0.147

Cyclopoid

δ N‰

-

-

-

-

SE

-

-

-

-

Leptodora

δ N‰

-

6.872

-

-

SE

-

NA

-

-

15

15

15

15
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Table 4. Stable isotope ratios of δ15N in Willand Pond by season in 2012.

Willand Pond
Diet

Winter

Spring

Summer

Fall

Netphytoplankton

δ N‰

9.969

7.157

6.102

5.070

SE

0.107

0.182

0.117

0.824

Nanoplankton

δ N‰

7.677

6.102

4.984

3.720

SE

0.270

0.290

0.151

0.157

δ15N ‰

6.980

5.706

4.648

4.986

SE

0.386

0.204

0.211

0.375

Winter

Spring

Summer

Fall

12.274

8.845

7.458

6.999

0.182

0.060

0.051

na

Picoplankton

15

15

Willand Pond
Consumer
Net Zooplankton

δ15N ‰

Daphnia

δ N‰

-

8.573

7.872

7.752

SE

-

0.526

0.060

0.736

Bosmina

δ N‰

-

9.567

-

-

SE

-

0.804

-

-

Calanoid

δ15N ‰

-

11.589

-

10.162

SE

-

0.439

-

0.139

Cyclopoid

δ N‰

-

13.450

7.487

-

SE

-

1.795

0.036

-

Chaoborus

δ N‰

-

-

9.507

-

SE

-

-

0.507

-

SE
15

15

15

15

193

Figure 1. Spring and Summer Trophic links for plankton assemblages based on
δ15N in Oligotrophic, Christine Lake, 2012.
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Figure 2. Spring and Summer Trophic links for plankton assemblages based on
δ15N in Meso-eutrophic, Willand Pond.
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Figure 3. Lake comparison of trophic position for zooplankton populations with
similar composition in the fall season. Fall zooplankton communities were made
of Daphnia spp. and Calanoids as the major zooplankton taxa. Higher nitrogen
enrichment occurred in Willand Pond than Christine Lake (p=0.044) for all
plankton compartments in fall.
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Figure 4. There were significant differences for δ15N signatures between
zooplankton categorized by feeding behaviors as herbivores, omnivores, and
carnivores (p=0.044). Carnivores were significantly higher than herbivores, but
omnivores did not differ significantly from the other feeding behaviors. Much of
the variability was caused by combining data from the two lakes, i.e. upper
outliers were zooplankton from Willand Pond, while lower outliers were
zooplankton from Christine Lake. Significant differences were also found when
separating the two lakes for this analysis (p< 0.05).
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Zooplankton consumers

Primary producers

Zooplankton consumers

Primary producers

Figure 5. Relationships between δ13C and δ15N for all plankton assemblages for
each lake across all sampling dates (Christine Lake above, Willand Pond below).
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Figure 6. Relationships between δ13C and δ15N for individual taxa of zooplankton
and community plankton groups by season.
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Figure 7. Relationships between δ13C and δ15N for community plankton groups by
season.
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Figure 8. Trophic shift comparisons for ∆δ15N for zooplankton and diets by size;
both lakes and all seasons (p=0.05).

201

Figure 9. Trophic shift comparisons for ∆δ13C for zooplankton and diets by size;
both lakes and all seasons (p=0.126).
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Figure 10. Trophic position for plankton assemblages by season based on δ15N.
The oligotrophic, Christine Lake, had significantly lower SI ratios of δ15N than
meso-eutrophic, Willand Pond (p <0.05).
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Figure 11. Schematic of trophic positions for plankton food web based on δ15N
and trophic level in Christine Lake. Note that Bosmina were present in the lake
but were not analyzed for stable isotopes.
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Figure 12. Schematic of trophic positions for plankton food web based on δ15N
and trophic level in Willand Pond.
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Table 5. Individual and average trophic levels for macro zooplankton
communities based on diets of various sizes, seasonally.

Lake
Christine
Christine
Christine
Christine
Christine
Christine
Christine
Christine
Christine
Christine
Christine
Christine

Lake
Willand
Willand
Willand
Willand
Willand
Willand
Willand
Willand
Willand
Willand
Willand
Willand

Month
February
February
February
May
May
May
August
August
August
November
November
November
Average
SE

Month
February
February
February
May
May
May
August
August
August
December
December
December
Average
SE

TL δ15N

TL δ15N

TL δ15N

TL δ15N

(net zoopnetphyto)

(net zoopnanoplankton)

(net zooppicoplankton)

1.09
1.17
1.14
0.95
1.11
1.09
0.76
0.36
1.11
1.45
1.46
1.56
1.10
0.09

1.85
2.08
2.05
1.73
1.30
1.83
0.70
0.91
1.16
1.52
1.66
1.52
1.53
0.13

2.02
2.09
2.41
1.42
1.27
1.35
0.99
1.11
1.68
1.69
1.39
1.48
1.57
0.12

Average
1.65
1.78
1.87
1.37
1.23
1.42
0.82
0.79
1.32
1.55
1.50
1.52
1.40
0.10

TL δ15N

TL δ15N

TL δ15N

TL δ15N

(net zoopnetphyto)

(net zoopnanoplankton)

(net zooppicoplankton)

1.61
1.68
1.74
1.53
1.55
1.41
1.39
1.40
1.41
1.37
1.96
1.36
1.54
0.05

2.22
2.29
2.55
1.75
1.72
1.95
1.68
1.72
1.78
1.99
2.03
1.87
1.96
0.08

2.68
2.50
2.49
2.07
1.89
1.80
1.96
1.82
1.70
1.43
1.54
1.80
1.97
0.11
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zoop

zoop

Average
2.17
2.16
2.26
1.78
1.72
1.72
1.68
1.65
1.63
1.60
1.84
1.68
1.82
0.07

Table 6. Average trophic levels for zooplankton by season (replicate, n=3 (100-300
individuals each replicate, except for Chaoborus and Leptodora; 10-15
individuals). TL=(15Nzooplankton-15Nphytoplankton)/3.4 + 1

TL=(15Nzooplankton-15Nphytoplankton)/3.4 + 1

Trophic Level

15Nphytoplankton=

Feeding
Behavior
Herbivore
(fine feeder)

average of all size fractions

Taxa

Season

Christine Lake

Willand Pond

Daphnia spp.

Spring

1.62 (+/- 0.164)

1.67 (+/- 0.116)

Herbivore
(coarse feeder)

Bosmina longirostris

Spring

⁻

1.95 (+/- 0.127)

Omnivore

Holopedium gibberum

Spring

2.03 (+/- 0.164)

⁻

Omnivore

Calanoid spp.

Spring

2.06 (+/- 0.164)

2.55 (+/- 0.127)

Carnivore

Cyclopoid spp.

Spring

1.76 (+/- 0.164)

3.15 (+/- 0.079)

Carnivore

Leptodora kindti

Spring

1.93 (+/- 0.164)

⁻

Herbivore
(fine feeder)

Daphnia spp.

Summer

2.18 (+/- 0.098)

1.77 (+/- 0.129)

Herbivore
(fine feeder)

Daphnia catawba

Summer

2.72 (+/- 0.098)

⁻

Herbivore
(fine feeder)

Daphnia dubia

Summer

2.91 (+/- 0.098)

⁻

Carnivore

Cyclopoid spp.

Summer

⁻

1.66 (+/- 0.129)

Carnivore

Chaoborus
punctipennis

Summer

⁻

2.25 (+/- 0.129)

Herbivore
(fine feeder)

Daphnia spp.

Fall

0.88 (+/- 0.024)

1.93 (+/- 0.128)

Omnivore

Calanoid spp.

Fall

1.52 (+/- 0.024)

2.64 (+/- 0.128)
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Figure 13. The trophic magnification factor (TMF) was determined by the antilog
of the slope of the relationship between TL and log Cyanotoxins (ng g-1) of net
zooplankton communities: Log MCNetZoop = 0.386 + (0.876 * TLNetZoop); n= 21; p<
0.05 (p= 0.019). Log BMAANetZoop = 2.999 + (0.233 * TLNetZoop); n = 24; Not
Significant (p= 0.159). Data from Willand Pond and Christine Lake, 2012.
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Figure 14. The trophic magnification factor (TMF) for Christine Lake was
determined by the antilog of the slope of the relationship between TL and log
Cyanotoxins (ng g-1) of net zooplankton communities in Christine Lake, 2012.
Log10MCNetZoop = -0.448 + (1.326 * TLNetZoop); n=9; p< 0.05 (p= 0.015). No MCs were
detected in net zooplankton in winter in Christine Lake and winter TL/MC data
were excluded from this model. Log10BMAANetZoop = 2.167 + (0.866 * TLNetZoop);
n=12; p<0.001.
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Figure 15. The trophic magnification factor (TMF) for Willand Pond, 2012, was
determined by the antilog of the slope of the relationship between TL and log
Cyanotoxins (ng g-1) of net zooplankton communities in Willand Pond.
Log10MCNetZoop = 5.308 - (1.715 * TLNetZoop); n=12; p< 0.001. Log10BMAANetZoop =
4.432 - (0.583 * TLNetZoop); n=12; p=0.025).
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DISCUSSION
Stable Isotope (SI) Ratios of Carbon (δ13C‰) and Nitrogen (δ15N‰) for
Phytoplankton and Zooplankton
here were strong lake and seasonal contrasts in the stable isotope signatures of
plankton assemblages for ẟ13C and ẟ15N across a succession of trophic structures over
the year. Overall, signatures for ẟ13C were enriched in summer and depleted in winter.
Whereas ẟ15N was more depleted in summer and enriched in winter. δ15N was more
enriched in the meso-eutrophic Willand Pond than in the oligotrophic Christine Lake. In
Willand Pond, δ15N was higher in net zooplankton communities in winter and succeeded
to lowest observed δ15N in fall, with intermediate ranges for spring and summer. A
similar pattern was observed for Christine Lake, but with higher δ15N in both winter and
fall, with intermediate δ15N in spring, and lowest δ15N in summer. Though the major taxa
were picked and identified from the net community, not all groups could be included in
the net zooplankton community.
Enriched SI values are correlated with trophic state, as high nutrient levels cause
higher growth rates, though this is dependent on trophic structure as well (Grey 2000).
These findings are consistent with other studies involved with SIA of plankton (Hou et
al. 2013). Particulate organic matter (POM) has been used in several studies to
establish trophic baselines for SIA, assuming POM is comprised of algae and
cyanobacteria (Kling et al. 1992; Gu et al. 1994). However, many studies define the
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baseline of the food web models as the SIA of primary consumers or zooplankton
(Vander Zanden 2001). Hou et al. (2013) suggested that zooplankton ẟ13C was a better
indicator of trophic state and productivity in lakes than particulate organic ẟ13C matter.
They also found that ẟ15N of zooplankton were better indicators for nutrient sources
over POM. The SI signatures for ẟ13C and ẟ15N of plankton are influenced by
environmental factors that change seasonally; including light, water temperature and
available nutrients.
Christine Lake
It is interesting to note the similarities in ẟ15N signatures for Holopedium
gibberum, Calanoid spp., and Leptodora kindti during spring in Christine Lake. These
three taxa represent two different feeding behaviors; omnivorous Holopedium and
Calanoida, and carnivorous Leptodora. It was expected that because of its assumed
trophic position as a carnivore, Leptodora would have a higher SI for ẟ15N than the other
two zooplankton groups represented in the study. However, several scenarios could
explain the similar SI signatures amongst these three zooplankton. Leptodora prefers
Daphnia, small Diaphanosoma and copepod nauplii (Lunta and Luecke 1990) and is not
likely to consume large zooplankton such as Holopedium and Calanoid copepods.
Holopedium are large and gelatinous, making them difficult for Leptodora to handle and
consume. The calanoid, L. minutus, observed in Christine Lake are likely too large and
evasive for Leptodora to efficiently consume. Further, Leptodora are cladocerans and
are also able to consume as omnivores at times. Since higher trophic organisms are
typically enriched in ẟ13C (or the same, i.e. 0‰), relative to their diets, I was interested
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in how Leptodora related to other zooplankton signatures of ẟ13C. There was some
evidence of enriched ẟ13C in Leptodora relative to these zooplankton taxa and the
zooplankton community samples. These zooplankton are also adaptable in their feeding
behaviors, as Holopedium may consume more heavily as an herbivore at times, and
Calanoids may consume more as a carnivore. Omnivory doesn’t represent equal parts
of plant and animal diets. Mixing models are used to describe proportionate diets,
though were not used in this study since diets were represented as community samples
and not individual food sources by taxa.
Small-bodied zooplankton such as Bosmina and Daphnia are more likely to be
included in the diet of Leptodora. There were fewer Bosmina in spring, and while
microcystin toxicity was measured from Bosmina, unfortunately not enough material
was collected for SIA of Bosmina in this spring food web. However, Daphnia SI
signatures were identified, and is the only represented taxa grouping that fits the
description of previous knowledge of diets for Leptodora. While Leptodora may be
enriched in δ15N compared to Daphnia, δ13C signatures indicate that Daphnia were
more enriched (-31.275‰) than its assumed predator (Leptodora; -31.489‰) during
spring. This suggests that Daphnia were not the main or sole food source for Leptodora.
It was assumed that Bosmina were a better food source for Leptodora and may explain
the low density of Bosmina that was observed during spring. However, this cannot be
confirmed through SIA since there were not enough Bosmina available for SIA in this
study.
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The following outlines the interactions between zooplankton taxa and their food sources
based on size in Christine Lake:
1. Holopedium is a coarse mesh filter feeder (Geller and Mueller 1981) of net
phytoplankton, nanoplankton and picoplankton sizes, however it is also known to
be omnivorous, preferring nanoplankton that include phytoplankton, rotifera,
ciliates and protists (HNFs) within 2-50 m.
2. Calanoida (L. minutus) is also an omnivore, consuming larger size categories of
net phytoplankton and nanoplankton, the latter containing a mix of phytoplankton,
rotifera, ciliates and protists (HNFs) within 2-50 m.
3. Cyclopoids include a variety of species, many that are omnivorous and
opportunistic feeders, consuming a broad range of available food, including fish
larvae and other cyclopoids. Cyclopoids did not have a higher SI ratio than
Holopedium and Calanoids in Christine Lake, with δ15N‰ of 6.3‰, indicating
Cyclopoids are not major consumers of the larger zooplankton. Cyclopoids were
also noted in winter samples but were in low densities and not individually
isolated for analysis during this sampling period. However, these taxa likely
contributed to the higher δ15N that was observed in winter net zooplankton
communities, along with Asplanchna.
4. Leptodora is largely carnivorous, able to consume Bosmina and Daphnia, but
also can be omnivorous. The proposed food chain divides into two separate
pathways for Bosmina and Daphnia. While Bosmina may be able to handle more
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coarse food sizes such as net phytoplankton and nanoplankton, Daphnia are
generally limited to smaller phytoplankton (nanoplankton and picoplankton).
5. Winter had a low zooplankton species diversity. Zooplankton populations were so
sparse that macro zooplankton were not well represented and therefore were not
sufficiently abundant for SIA. The rotifer, Asplanchna spp., was numerically the
dominant zooplankter in Christine Lake in winter (~75% of zooplankton
community- see chapter 1 for details on zooplankton abundances). The enriched
δ15N in Asplanchna during the winter highlights the potential importance of this
omnivorous micro zooplankter by consuming other rotifers, ciliates, zooplankton,
and phytoplankton (Chang et al. 2010).
Willand Pond
Willand Pond SI ratios were highly variable for zooplankton taxa over all
seasons. Compared to the oligotrophic Christine Lake, the Willand Pond food web was
highly complex, with a greater number of trophic links and interactions of the
zooplankton overall. The Willand Pond food web can be outlined in several ways,
especially noted when the baseline of primary consumers is compartmentalized by size.
Although calanoid and cyclopoid species varied over the seasons, they were
grouped together for stable isotope analyses (SIA) and not separated by species for
each season. Skistodiaptomus pallidus and Macrocyclops rubellus were dominant and
Leptodiaptomus minutus and Cyclops scutifer were also present in lower abundance
(see chapter 1 on details of the plankton abundances). Calanoids (S. pallidus and L.
minutus) are omnivorous and likely consuming net- and nano- size fractions. While the
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net phytoplankton fractions contained only phytoplankton and cyanobacteria, the
nanoplankton fraction represented a mixture of phytoplankton and micro zooplankton.
Cyclopoid copepods are opportunistic feeders, and while mostly considered
carnivorous, these zooplankton consume a varied diet based on food availability and in
this food web scenario they are considered omnivores, consuming both zooplankton
and phytoplankton. Cyclopoids may become enriched in δ15N when consuming other
zooplankton or may have higher SI ratios of δ15N (‰) when under starvation. Relative to
δ13C, picoplankton fractions were often more enriched in carbon relative to the
zooplankton communities and individual taxa. For this reason, picoplankton likely
represented a more depleted diet for the grazers in the systems. Though, trophic shift
from diets to consumers may be greater than previously reported (McCutchan 2003).
An interesting food web interaction for zooplankton in Willand Pond involves
Chaoborus, the phantom midge larvae that undergoes diel vertical migration.
Chaoborus moves into the upper water column at twilight to feed as ambush predators
when they are less visible to fish. Thus, Chaoborus collected in summer are considered
secondary consumers and may represent the top of the food chain in this specific
zooplankton food web model. Chaoborus punctipennis has a relatively small mouth
gape and can best handle small prey such as Bosmina and immature Daphnia.
Bosmina and Daphnia also have varied diets based on their ability to handle different
sizes of edible phytoplankton. For example, whereas Bosmina can handle coarser food
(Geller and Mueller 1981), Daphnia tend to consume finer sources of phytoplankton in
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the nano- and pico- size classes due to the filtering apparatus and a tendency to reject
large particles.
The SIA findings in this study suggest and/or support the following food web
connections:
1. Calanoid are omnivorous, preferring net phytoplankton and nanoplankton size
diets.
2. Cyclopoids in Willand Pond have a primarily carnivorous diet but are also
omnivorous. Therefore, it is possible that cyclopoids are consuming a wide range
of zooplankton and phytoplankton somewhat unpredictably, as they are known to
consume fish and other cyclopoids too (Gliwicz and Umana 1994).
3. Chaoborus in the Willand Pond food web likely consume Bosmina and Daphnia.
Bosmina (coarse feeders) and Daphnia (fine feeders) also have varied diets as
noted. Chaoborus were enriched in δ15N relative to the zooplankton taxa present
in summer, however δ13C signatures were depleted relative to these assumed
food sources. The enriched δ15N was expected since Chaoborus are a known
predator of other zooplankton. However, the depleted δ13C signatures could
represent a poor source of food, or it could also indicate the diets are a food
source within range of +/- 0 ‰ δ13C. The assumption that diets should be 0‰
δ13C is tested in this study.
Importance of Seasonal Succession of Plankton, Diet Size, and Feeding Behavior
The major plankton compartments, including community samples and individual
taxa, were within the range of several other SIA studies in freshwater ecology (Brett
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2014; Vuorio et al. 2006; Marty and Planas 2008). However, SI ratios were not constant
and demonstrated strong seasonal succession amongst these study lakes. The
absolute isotopic values vary among food web models and inferred trophic structures
largely depend on the SI values established as the base of the food web. Different size
categories of suspended particles are comprised of different isotope compositions
(Yoshioka et al. 1988; Sarvala et al. 2003; Vuorio et al. 2006). Primary producers have
very characteristic fatty acid compositions and the fatty acid profiles of many aquatic
primary consumers are strongly influenced by their diets. The lipids and fatty acid
content of the phytoplankton are often reflected in the consumer (Vuorio 2006).
Photosynthetic carbon fractionation is influenced by phytoplankton species composition,
growth rates, cell size and structure, nutrients, salinity, CO2 availability, among many
physical and chemical factors (Brett 2014; Marty and Planas, 2008). It is therefore not
surprising that there was strong seasonality within and between lakes as seen in this
study and others.
Due to the difficulty in separating specific phytoplankton taxa, it was not possible
to estimate the contribution of each food source to zooplankton diet. However, the
composition and the relative abundance of the net phytoplankton could further be
discussed. For example, the net phytoplankton diets were comprised of a mixture of
phytoplankton food sources. Net phytoplankton were size fractionated to target
phytoplankton of all size categories. Individual taxa of phytoplankton have different δ 13C
values than community phytoplankton (Vuorio et al. 2006). Diatoms δ13C ratios were on
average 4.0 ‰ (+/- 3.3) ‰ depleted compared to cyanobacteria and these ratios varied
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by +/- 1.3 ‰ within lakes (Vuorio et al. 2006). Combined lake results for diatoms were 29.8 ‰ (+/- 2.3) ‰ for δ13C estimates. Diatom δ15N estimate were 7.5 ‰ (+/- 1.5) ‰.
Green algae δ13C ratios were 2.0 ‰ enriched relative to cyanobacteria. They provided
a δ13C value of -23.7‰ (+/- 2.6) ‰ for green algae. While the taxon breakdown was not
analyzed in this study, it is evident that these signatures vary by groups and by seasons
and lake conditions (Brett 2014; Vuorio et al. 2006; Marty and Planas 2008; Grey et al.
2000).
While picoplankton and net phytoplankton fractions were identified and
enumerated (see chapters 1 and 2 for details), these fractions were found to contain
mostly phytoplankton, including a significant cyanobacteria population. Picoplankton
(autotrophic) communities were often > 90% picocyanobacterial (chapter 2).
Cyanobacteria were abundant in both lakes across the seasons and the detailed
breakdowns for these are described in chapters 1 and 2. The nanoplankton size-fraction
likely contained a mix of various algae, cyanobacteria, protists and heterotrophic
bacteria or HNFs, which all have different isotopic compositions. However, the
nanoplankton fraction was not specifically identified and assumed to contain
phytoplankton, rotifers and protists within this ideal size range of 2-50 m for macro
zooplankton consumers (described in chapter 1). Park et al (2003) found that HNFs
may enhance the food quality of decaying, toxic Microcystis. In this study, they highlight
the importance of the <5 m size fractions for fatty acids, as the FA’s of this size fraction
were 3 times higher than 5-10 and >10 m size fractions. Specifically, Vorticella were
attributed to an enhanced FA content for cyanobacteria, by aiding in recruitment of food
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to cyanobacteria colonies (Park et al. 2003). This intermediate size range
(nanoplankton) contains a diversity of food types and may have representatives from all
food size categories; i.e. smaller colonies of net phytoplankton, allowing consumption by
some of the zooplankton that are limited by food size, while also representing
microcolonies of picocyanobacteria such as Aphanocapsa- common to both lakes.
While the specific algal diets of the primary consumers were not identified in this study,
the importance of size on primary consumer diet is highlighted and interesting as many
studies have addressed the importance of diet size and food quality (Geiling and
Campbell 1972; Stemberger 1981; Burns 1987; Haney 1987; Lampert 1987; Ahlgren et
al. 1990; Wiackowski et al. 1994; Burns et al. 2001; Park et al 2003; Callieri 2006; Brett
2014; Brett et al. 2012).
Phytoplankton stable isotope ratios from laboratory studies cannot be applied to
field studies as they generally depend on the SI ratios of cultures, altered by the algal
growth media (influences from nitrate and bicarbonate in most algal media solutions).
While other studies have identified signatures in nature, they are also not useful for
analyses in other lakes. i.e. SI signatures of cyanobacteria in one lake cannot be used
in SIA in another lake, or season of the same lake. In the present study a significant
cyanobacteria population contributed substantially to all size fractions in both studylakes throughout the year. In other studies, cyanobacteria were found to have a
signature of ~ -25‰ for δ13C (Vuorio et al. 2006). This value is more enriched than the
values that were observed in the summer cyanobacteria bloom from Willand Pond at ~ 34‰ for δ13C. SI values for cyanobacteria bloom material collected from the surface of
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Willand Pond during the summer were similar to net phytoplankton values for δ 15N, both
near 6 ‰. However, for δ13C ratios, cyanobacteria bloom and net phytoplankton varied.
Cyanobacteria signatures for carbon were closer to -34 ‰, while net phytoplankton
ranged considerably amongst the replicates, some with higher enrichment (Tables 1
and 2).
Post (2002) discusses the differences between phytoplankton dominated lakes
regions versus macrophyte dominated regions (or pelagic vs littoral, respectively) as
sources of food for higher trophic levels. Regardless of location, phytoplankton were
most likely the primary source of carbon to higher trophic levels. In Mao et al. (2014), it
was also concluded in both lake regions that phytoplankton was the base of the food
web, especially under eutrophic conditions. Though there is also much consideration
that terrestrial particulate organic matter (tPOC) may also significantly contribute to the
nutrient sources of phytoplankton and herbivorous consumers. While the allochthonous
sources were not explicitly identified in this study, preliminary findings may support that
terrestrial sources are contributing, especially in the oligotrophic systems. This was not
completely determined in my study, and I did not estimate proportionate contributions
here. However, several studies in SIA have stated that these sources of tPOC are not
significantly contributing to carbon flux in plankton. Brett et al. (2012) found that 95-99%
of aquatic herbivore production was sourced from primary productivity of the
phytoplankton. Their studies showed that POC of the algae were 4 to 7 times greater
than the available sources of basal allochthonous carbon. Brett and Goldman (1997)
also determined that external nutrient inputs may increase primary production but that
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are not efficiently transferred to herbivorous zooplankton biomasses. Daphnia were able
to selectively source POC from phytoplankton and these lipids enhanced somatic
growth and reproduction (Brett et al. 2009). Terrestrial POC was a minor contribution to
zooplankton biomass and found to be a very poor-quality resource compared to
phytoplankton. They further found that tPOC may be of similar food quality as
cyanobacteria, and state that cyanobacteria are also a poor- quality food source for
many of the zooplankton (Brett et al. 2009). Burns et al. (2011) also noted the poor
quality of cyanobacteria in the transfer of fatty acids for Daphnia, Ceriodaphnia and
calanoids. These zooplankton were found to selectively source the most physiologically
important fatty acids from the better-quality phytoplankton and more nutritious cells
(Burns et al. 2011). Persson et al. (2007) concluded that lake trophic status is an
important factor in identifying the efficiency of zooplankton in assimilating nutrients,
highlighting that meso-oligotrophic lakes (10-25 mg L-1 TP) are the most efficient
systems. Daphnia growth rates and energy transfers were highest in lakes of
intermediate trophic status (Person et al. 2007). Based on C13 experiments,
phytoplankton were identified as the most important source for carbon flux to Daphnia,
making up 84% of the carbon source for their fatty acids (Brett et al. 2009).
Net zooplankton communities were comprised of a diversity of zooplankton and
did not represent only the major zooplankton taxa picked out for SIA in my study. The
net zooplankton represent macrozooplankton communities but contained some
microzooplankton too (zooplankton composition result details can be found in chapter
1). The community SI signatures were variable based on seasonal succession which
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includes variables such as the changing zooplankton composition. Hou et al. (2013)
evaluated the zooplankton of 18 low-latitude reservoirs in China, concluding that C and
N were variable based on lake and weather conditions. During wet month conditions,
the lakes were more eutrophic than during dry months, highlighting how seasonal
changes can alter water conditions. δ13C was enriched and δ15N was depleted in wet
months, while the opposite was found for dry months. They further tested if the SI
values for these zooplankton could predict lake productivity. The results indicate that the
SI values for zooplankton (primarily cyclopoids) was a better indicator for primary
productivity than particulate organic matter and nitrogen SI values of zooplankton were
also a good proxy for estimating nitrogen sources in aquatic systems (Hou et al. 2013).
Thus, the seasonal variations of light and nutrient availability, food sources, and topdown and bottom up effects are reflected in the zooplankton signatures of both δ13C and
δ15N.
Relationships between δ13C and δ15N
Zooplankton as a community were overall depleted in carbon relative to the
proposed diets in this study. However, SIA models typically express positive
relationships between ẟ13C and ẟ15N, with a slight enrichment of ẟ13C between trophic
links and small variations are reported (+/-0 ‰) and an enrichment of ẟ15N in 3‰
increments. The relationship between ẟ13C and ẟ15N has been modeled to display a
positive slope between diets and consumers, though there are contrasting findings in
the literature (Aita et al. 2011; Wada et al. 2013; Brenner et al. 1987; Brett 2014). Brett
(2014) summarized the findings from at least 22 studies, where ẟ13C was evaluated as
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“extremely” depleted, and where phytoplankton were more enriched than the
herbivorous zooplankton grazers. Brett cautions that ẟ13C signatures of phytoplankton
cannot be used across multiple studies and that these signatures greatly vary by lake,
even amongst those in close proximity. Many studies report ẟ13C as more enriched in
the primary producers than the primary consumers; and ẟ15N more enriched in the
primary consumers over the primary producers. Thus, displaying a negative relationship
between phytoplankton and zooplankton. There were significant negative relationships
between ẟ13C and ẟ15N for each lake when combining the seasonal data (Figure 5).
When breaking this down by season, the relationships varied, largely driven by the
varying complexities of the trophic links represented by season (Figures 6 and 7). For
example, there were increased complexities of food webs observed during spring and
summer, where higher, secondary (carnivore) consumers were represented (i.e.
Leptodora (Christine Lake) and Chaoborus (Willand Pond) (Figures 1 and 2; 10; 11 and
12). There were no significant relationships between ẟ13C and ẟ15N for both lakes
during summer when food web complexity was increased. For seasonal comparison of
the relationship between ẟ13C and ẟ15N for lake plankton, linear regressions on lake
compartments that were consistent across all seasons were made. That is, community
groups (net zooplankton, net phytoplankton, nanoplankton, and picoplankton) were
defined as like-groups for seasonal comparisons. There were negative relationships for
both lake systems between ẟ13C and ẟ15N when assessing all plankton compartments
for all seasons (Figure 5), though some seasons were not significantly correlated
(Figure 6). Relationships slightly varied when removing the individual taxa of
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zooplankton and comparing just the community levels groups (Figure 7). Negative
relationships of plankton communities were found in both lakes, with significance in
winter and fall in Christine Lake and winter and spring in Willand Pond (Figure 7; p
<0.001). While these were categorically similar, the composition of each category varied
by season and between lakes. The understanding of plankton composition is critical in
understanding trophic links at the base of the food webs. There were also negative
relationships between individual zooplankton taxa and phytoplankton fractions,
highlighting the variations in isotopic signatures between primary producers and primary
consumers. Since phytoplankton are constantly undergoing carbon flux, it is not
surprising that there were more enriched carbon signatures in phytoplankton compared
to zooplankton. Perhaps, this in part explains why SIA models exclude phytoplankton
and combine the plankton with zooplankton for trophic analyses of longer-lived animals
in these aquatic food web models.
The spring and summer represented optimal times in these study lakes to
demonstrate the enrichment of both ẟ13C and ẟ15N where zooplankton consumers were
enriched relative to their diets based on size categories. Though this was only found for
net phytoplankton communities when comparing zooplankton and their diets as the
baseline. Examples are described in the results section of this paper for spring in both
lakes. In these examples, enrichment of ẟ13C could be drawn from net phytoplankton as
the baseline or primary food source in both lakes, though without distinct variation in
ẟ15N for all cases. Despite these findings, one cannot exclude nanoplankton and
picoplankton as diets of the zooplankton. Instead, I highlight the variation in trophic shift
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estimates based on size categories of diets. The intricate variations between
zooplankton as consumers with varying feeding behaviors is also an important
consideration from my findings.
If we refer to Figures 1 and 2 for ẟ15N as references, while exploring the
enrichment of ẟ13C from net phytoplankton to zooplankton, separate pathways could be
drawn though with limitations. In the Christine Lake springtime examples, ẟ13C was
enriched in net zooplankton communities, Daphnia spp. and Leptodora relative to net
phytoplankton diets. Surprisingly though, Daphnia was the most enriched taxa at this
sampling time. If we use Leptodora as the secondary consumer, there was slight
depletion for ẟ13C of -0.214 ‰ from Daphnia, while enrichment of ẟ15N between these
two were found. The enrichment pathway for ẟ13C could be drawn between net
phytoplankton and Daphnia with +1.345 ‰ and between Daphnia and Leptodora with 0.214 ‰, possibly indicating that Leptodora had a more complex diet than just Daphnia
here. At the same time, we can see that ẟ15N of Leptodora was enriched relative to net
zooplankton and net phytoplankton communities, though little variation was found
between these net zooplankton and net phytoplankton communities based on ẟ15N
(Figure 1). The SI values for ẟ13C were enriched from net phytoplankton to net
zooplankton with + 1.062 ‰ and net zooplankton to Leptodora with + 0.069 ‰ (and net
phytoplankton to Leptodora with + 1.131‰). Unfortunately, there were not enough
Bosmina to isolate for SIA which could be another diet of Leptodora, and part of the net
zooplankton community amongst many others.
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Cyclopoida were enriched in ẟ15N relative to Daphnia and net zooplankton in
Christine Lake, but depleted in ẟ13C. Cyclopoids were not enriched in ẟ15N relative to
Calanoids and Holopedium, however Cyclopoids were enriched in ẟ13C. If we draw
pathways between Net phytoplankton → Calanoida and Holopedium → Cyclopoida,
signatures for ẟ13C are first slightly depleted at the first order interaction (-0.315 ‰
between net phytoplankton and Calanoid and -0.462 ‰ between net phytoplankton and
Holopedium) and slightly enriched to the second order interaction of the cyclopoids (+
0.367 between Calanoids and Cyclopoids and + 0.514 between Holopedium and
Cyclopoids). Since ẟ15N is more useful in predicting trophic position, it might be
assumed that Cyclopoids were likely not consuming Holopedium or calanoids, even
though there was enrichment of ẟ13C between them. The hypothetical connections of
this food web are diagrammed in Figure 11. Together, ẟ13C and ẟ15N have overall
negative relationships between diets and consumers, largely driven by the higher
carbon content of the proposed diets.
The spring trophic links in Willand Pond showed higher enrichment for ẟ13C and
ẟ15N in zooplankton than in Christine lake (Figure 10). Cyclopoids were the top trophic
level, enriched in ẟ15N relative to all other plankton compartments at the time.
Enrichment of ẟ13C was found when net phytoplankton was defined as the baseline. In
Willand Pond, all major zooplankton taxa in spring were enriched from net
phytoplankton as described in the results, with greater variations from 0 ‰ for ẟ13C
(+0.88 ‰ in net zooplankton to +4.133 ‰ in Cyclopoida). Cyclopoida were enriched
relative to all major zooplankton taxa assessed in this study during spring. Cyclopoids
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were enriched + 3.24 ‰ from net zooplankton communities, + 1.8 ‰ from Bosmina, +
2.5 ‰ from calanoids and + 2.89 ‰ from Daphnia. The greater, positive shifts or
variations may indicate a specific missing trophic link between diets and consumers not
identified. However, with the varied findings in the literature of ẟ13C estimated as +/0‰, we might assume that there are few or no connections identified based on carbon.
The trophic shift in this study is either too great or needs to be redefined in the literature,
with acceptance that carbon may not reflect 0‰, especially for zooplankton. Larger
variations and depletion of ẟ13C and ẟ15N were observed for the picoplankton and
nanoplankton communities as diets. Variations of SI of Carbon reflects multiple factors
that change seasonally and affect the growth rate of phytoplankton and zooplankton.
Growth rate, and therefore ẟ13C of plankton, are influenced by seasonally changes such
as light, water temperature and nutrients. The isotopic fractionation of carbon decreases
under rapid growth rates increasing ẟ13C signatures. Higher growth rates of the
phytoplankton may reflect CO2 limitation in the water column that causes enriched 13C
due to a shift from CO2 to HCO3- (Hou et al 2013). This may explain the higher
enrichment observed with smaller size diets, as pico-phytoplankton typically have higher
growth rates. Picoplankton compartments were more enriched in ẟ13C than net
phytoplankton and nanoplankton but overall were not significantly different from other
size categories across all sampling dates. Picoplankton also had the lowest SI ratio for
ẟ15N of the plankton compartments. The breakdown of the primary producers by size
reveal the variation in SI signatures for a range of planktonic diets. These examples
highlight the separated pathways that may exists for zooplankton as consumers and
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support the varied feeding behaviors for zooplankton as primary and secondary
consumers. The hypothetical connections of this food web are diagrammed in Figure
12.
Other Trophic References
Freshwater mussels, identified as Elliptio complanata, were collected during the
summer in Christine Lake (n=3) and had SI signatures of 3.29 (+/- 0.16) ‰ for δ15N and
-30.16 (+/- 0.13) ‰ for δ13C. The trophic level for these mussels based on the averages
from all size fractions of phytoplankton was 1.27 (+/- 0.098), assuming the mussels
were filter feeding the phytoplankton from the water column. In other studies, Elliptio
dilata had higher SI values for δ15N, ranging 10-12‰ and both studies reported δ13C at
nearly -32‰ (Smith and Finlay 2004; Nicholas and Garling 2000). These SI signatures
were compared to proposed diets of (fine) particulate organic matter (fPOM) defined as
the baseline. The SI signatures were variable in Smith 2004, ranging 2-6‰ for δ15N,
while Nicholas and Garling (2000) reported δ15N closer to 6‰. The carbon ratios also
differed, as Smith found a range between -27 ‰ and -25‰, and Nicholas reported 30‰ for δ13C. The comparison to freshwater mussels was noteworthy as another grazer
of various sizes of phytoplankton in the system. Interestingly, the trophic level for the
mussels in this study was slightly lower than the zooplankton TLs in both lakes.
Trophic Shift
This study details the variation of SI signatures at the base of the food web.
Differences in ẟ13C and ẟ15N between consumer and diet are described as the trophic
shift and are expressed as ∆ ẟ13C and ∆ ẟ15N. Studies on stable isotope analyses (SIA)
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report that consumers are typically above dietary ẟ13C, or with little variation (+/-0 ‰),
and that consumers are enriched in ẟ15N (+3 ‰) (McCutchan 2003). Variations in SI
ratios between consumer and diet type are widely reported. Trophic shift between diets
and consumers were estimated for δ15N, denoted as ∆δ15N. Net zooplankton community
samples were defined as the consumers and comparisons of trophic shift based on
diets by sizes were calculated. There were greater differences in ∆δ15N between net
zooplankton consumers and picoplankton as diets. Trophic shift was closer to the
expected enrichment of 2-3‰ for ∆δ15N between picoplankton and zooplankton.
However, there were no significant differences in trophic shift of ∆δ15N for net
zooplankton between the diet size categories (p= 0.05). Trophic shift estimates on
average were 2.059 ‰ (+/- 0.431) for ∆δ15N between net zooplankton consumers and
all phytoplankton fractions. The trophic shift between zooplankton and diets for ∆ δ 15N
did not differ significantly between phytoplankton diet by size, though variability was
noted. There were no significant differences between diet size between Christine Lake
and Willand Pond data.
For ∆δ15N, there was a larger shift between zooplankton and picoplankton than
zooplankton and nanoplankton or between zooplankton and net phytoplankton.
Typically, ∆ δ15N results in 3‰ and ∆ δ13C is 0‰, though many researchers have
highlighted that this is not always the finding (Vander Zanden and Rasmussen 2001;
McCutchan et al. 2003; Nichols and Garling 2000; Brett 2014). The variation in trophic
shift is largely discussed, though most conclusions state that more studies are needed
to evaluate trophic shift, especially in freshwater ecosystems (Vander Zanden and
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Rasmussen 2001). Estimation of trophic position for zooplankton feeding as primary
and/or secondary consumers were determined in this study. Trophic position for top
predators depends on knowledge of the transfers separating primary producers from top
predators (McCutchan 2003; Vander Zanden and Rasmussen, 1999; Post, 2002). There
are some variations to the findings that carbon assimilation between diet and consumer
should be 0‰ for ∆δ13C and 3‰ for ∆δ15N. Vander Zanden and Rasmussen, 2001
reported a range of trophic fractionation between lake trout and prey of various
categories. There were no significant differences between ∆δ13C values based on
habitat, taxa, and consumers, however herbivores displayed a significantly lower
fractionation of ∆δ13C than non-herbivores, ranging into negative, depleted
relationships. ∆δ13C values ranged from -2.1‰ to + 2.8‰ and from -0.7‰ to 9.2‰ for
∆δ15N. There was also notable lake variability for ∆δ13C and ∆δ15N. While ∆δ15N varied
slightly from 3.26 ‰ to 3.72 ‰ between lakes, ∆δ13C ranged -0.56 ‰ to 0.7 ‰. Vander
Zanden and Rasmussen (2001) also reviewed ∆δ15N based on a literature survey and
reported variations in ∆δ15N comparing carnivores, herbivores and whole food chains.
∆δ15N for carnivores was 3.23‰ +/-0.041‰, herbivores were 2.52 ‰ +/-2.5‰, and
whole food chains were 3.46‰ +/-0.23‰. The trophic enrichment factor of 3.4‰ is
universally accepted for estimating trophic level for whole food chain studies (Minagawa
and Wada 1984).
The shift in ∆ẟ 15N between diet and consumer has been documented as + 3 ‰.
Studies have reported a range from + 2.6 ‰ to + 3.4 ‰ (McCutchan, 2003; DeNiro and
Epstein, 1981, Minagawa and Wada 1984, Owens 1987). Across multiple studies,
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others have reported ∆ ẟ15N averaged + 2.0 ‰ and ranged from - 0.8 ‰ to + 5.9 ‰.
Vander Zanden and Rasmussen (2001) report + 2.5 ‰. In the study by Vander Zanden
and Rasmussen (2001), they describe that whole food chain fractionation could be
calculated based on the number of trophic links to the consumer. When herbivores are
included in the model, the error of variance increases. They state that this is likely due
to the lower fractionation that can sometimes occur with herbivores and omnivores.
Greater trophic shifts occur for carnivores. The enrichment factor of 3.4‰ is used in
whole food chain estimates, where trophic links represent different feeding behaviors.
Though this might be best utilized in carnivore-carnivore links. McCutchan et al. (2003)
reviewed that trophic shift for ẟ15N was higher for carnivores and consumers with highprotein diets than for consumers with plant or algal diets but did not have a statistically
different shift in ẟ15N. However, McCutchan et al. (2003) also found that ∆ ẟ15N was
significantly lower for consumers raised on invertebrate diets than for consumers raised
on other high-protein diets. There were also significant differences between unacidified
samples, with higher ∆ ẟ15N than samples analyzed for acidified samples (McCutchan
et.al. 2003; McCutchan 1999; Vander Zanden and Rasmussen 2001; Post 2002).
Samples were not acidified and were analyzed whole in my study, an important
consideration here. The variations in methods have been widely reported, noting the
differences in food web estimates due to these factors.
Owens (1987) found ∆ ẟ15N to be higher for predators than for primary
consumers, while others found that ∆ẟ15N had a higher trophic shift in Nitrogen with
diets of low quality (or with low protein content) (Webb et al. 199; Adams and Sterner
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2000). Gannes et al. (1997) attributes his finding to internal recycling of Nitrogen in
starving animals. Therefore, one might expect to find a higher trophic shift between diet
and consumers in the winter season of NH lakes when there is a poorer source of
available food or lower concentrations of phytoplankton. It is possible that the trophic
shift for ∆ ẟ15N between diet and consumer is high when dietary Nitrogen does not meet
the requirements for optimal growth (Gannes et al. 1997). Nitrogen has been higher for
starved animals in some studies or for consumers with a poor food source (Scrimgeour
et al. 1995).
Trophic shift between diets and consumers were estimated for δ13C, denoted as
∆ δ13C. Net zooplankton community samples were defined as the consumers and
comparisons of trophic shift based on diets by sizes were calculated. There were
greater differences in ∆ δ13C between net zooplankton consumers and picoplankton as
diets. Trophic shift was closer to the expected 0‰ for ∆ δ13C between net phytoplankton
and zooplankton. However, there were no significant differences in trophic shift of ∆
δ13C for net zooplankton between the diet size categories (p=0.126). Trophic shift
estimates on average were -4.297 ‰ (+/- 1.0155) for ∆ δ13C between net zooplankton
consumers and all phytoplankton fractions.
The trophic shift comparison between net zooplankton communities on each size
fraction of phytoplankton was delineated for δ13C and δ15N in this study. Slightly higher
shifts for ∆ ẟ13C were observed between picoplankton and zooplankton, next were
nanoplankton and zooplankton, and lowest shifts occurred between net phytoplankton
and net zooplankton. Picoplankton diets were observed to be more negatively
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correlated with carbon isotope signatures of zooplankton than larger net and
nanoplankton communities. However, these differences were not statistically significant.
Some diets may reflect depletion in carbon compared to consumer SI values, possibly
indicating a poor source of food for the consumer but does not eliminate the possibility
that it is still a source of food.
DeNiro and Epstein (1978) and McCutchan et al. (2003) report and discuss mean
values of trophic shift as many studies highlight trophic shift for Carbon as 0 ‰ for ∆
ẟ13C, since the carbon content should not vary between diet and consumer. However, a
range of values have been reported from the literature and the trophic shift may vary
wider than previously reported. DeNiro and Epstein (1978) report mean trophic shift of ∆
ẟ13C to be about + 0.8 ‰ with values ranging from ∆ -1.5 ‰ to +2.7 ‰. Stable isotope
studies on trophic relationships assume that there is no isotopic shift for carbon or a
small increase between trophic levels may occur (usually + 0.8 to + 1.0 ‰). McCutchan
et al. (2003) considered this assumption to be problematic with an example that ∆ ẟ13C
for consumers analyzed whole is + 0.3 ‰ and for consumers analyzed as muscle tissue
is + 1.3 ‰. Organisms analyzed whole may include food in the gut, not yet assimilated,
while muscle tissue represents only a portion of the carbon assimilation. Estimates of ∆
ẟ13C in muscle were higher for consumers than for entire consumers since lipids tend to
be depleted in ẟ13C relative to other tissues (in carnivores and larger animals where
tissues can be separated). It is important to consider that small animals such as
zooplankton must be ground whole prior to analysis, while muscle tissue or other
portions of animals are usually analyzed for larger animals. Trophic shift estimates may
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therefore differ between small and larger animals due to differences in sample
preparation methods.
A positive shift may indicate that the food source was an enriched diet, while
negative shifts could suggest a depleted diet. These findings reviewed by McCutchan et
al. (2003), describe an initially enriched diet to have increased ∆ ẟ13C ( > +1‰ for ∆
ẟ13C) and initially depleted diets to range below 0 ‰ or negatively amongst consumers
with changing diets. Since the seasonal succession of plankton is evident from plankton
surveys, it is accepted that the diet of zooplankton would vary by season due to food
availability, nutrients and physical changes in water chemistry and temperature. It is
also important to consider that the SI values for Carbon and Nitrogen do not necessarily
represent a consumers most recent diet. Sometimes ratios may represent a previous
diet (Fry and Arnold 1982). Estimates can be influenced by many uncontrollable
changes in water chemistry. Picoplankton were the most enriched group for ẟ13C.
Picoplankton diets resulted in the largest (negative) shift, indicating that this group might
have represented the most depleted diet source for zooplankton. Generally, all potential
food sources were more enriched in ẟ13C than the zooplankton communities, based on
average trophic shift from zooplankton to these proposed diets based on size
categories. If zooplankton are depleted in ẟ13C relative to their diets, it is assumed that
the sources were poor quality or not a source at all. However, these findings raise
question to the assumed trophic shift ratios of 0‰.
If we focus on ∆ ẟ15N, the data indicate that there is a larger trophic shift in the
stable isotopic fractionation of nitrogen among zooplankton and picoplankton diets, and
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zooplankton and nanoplankton diets, than there is between zooplankton and net
phytoplankton as diets. In other words, the zooplankton represent a higher trophic
position when the base of the food web is based on picoplankton and nanoplankton
over net phytoplankton. These results also point to the idea that not all zooplankton taxa
are consuming a single source. Many of the zooplankton are likely not consuming net
phytoplankton as they can often represent the same size as the zooplankton making
them inedible due to size or shape. However, it is also possible for these larger
phytoplankton colonies (mostly cyanobacteria) to break up and have cells released from
these larger colonies, then making them an edible food source. It is also likely that
picoplankton may be consumed and pass through the gut intact and therefore not
assimilated.
Overall, there were patterns of greater Nitrogen enrichment between zooplankton
when picoplankton were the proposed diets rather than nanoplankton and net
phytoplankton. Fast-growing phytoplankton or cyanobacteria, such as the
picocyanobacteria, have less isotopic fractionation during nutrient assimilation,
depleting the nutrient pool (Wada and Hattori, 1978; Owens, 1987; Peterson and Fry,
1987). However, the higher trophic shift estimates for picoplankton could also indicate a
trophic link between picoplankton baseline and zooplankton consumers. This is very
likely the case as many microzooplankton of the nanoplankton size fractions could be
another link in this trophic chain. It is important to consider what is known or assumed
about the relationships between consumer and diet to analyze SI ratios and trophic
shift. Trophic shift between organisms with higher rates of respiration relative to growth
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assimilation may also greatly vary. Therefore, trophic shift between individual
consumers may also vary.
In nature diets are not controlled and omnivores may be a more common
behavior for some consumers than what is often assumed. Omnivores may have more
variations due to the wide range of diet preferences or food source availability.
McCutchan et al. (2003) concludes that there are very few estimates of trophic shift for
C and N among freshwater invertebrates, many who feed as omnivores. A limitation in
fully evaluating the current study is the lack of comparable investigations that have
estimated seasonal changes in stable isotope ratios of C and N for natural zooplankton
communities. However, the results from this study and these methods employed have
provided a SIA baseline for more detailed analysis of planktonic food webs.
Trophic Level
Trophic levels for each zooplankton taxa and community were estimated based
on phytoplankton diets. Trophic level was determined for net zooplankton communities
based on δ15N‰ from net zooplankton and phytoplankton by size. Estimates of TL for
individual zooplankton taxa were also identified from δ15N‰ using the average δ15N‰
of diet sizes. These estimates varied based on the source of either picoplankton,
nanoplankton and net phytoplankton. The size categories of phytoplankton were
identified as the baseline in these SIA estimates, and therefore, the following equation
was applied; TL= (N zooplankton- N phytoplankton)/3.4 + 1, where “1” represents
primary producers. As noted, this approach is a modification from TL estimates when
zooplankton are the baseline and “2” represents zooplankton [TL= (N consumer- N
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zooplankton)/3.4 + 2]. In traditional estimates of TL in higher trophic organisms,
zooplankton are assumed to be the base of the food web and TLs are not typically
estimated for various zooplankton and/or communities. The modification to this
calculation allowed for estimates of the trophic levels for various zooplankton, who are
different since zooplankton have differences in feeding behavior by taxa. Therefore,
zooplankton communities really represent a range of trophic levels since some are
carnivorous and some are herbivores, or both. Definitions in trophic level estimates
reflect that TL = 1 for primary producers, TL = 2 for strict herbivores and, TL = 3 for
organisms feeding as carnivores (or in between for those that feed at more than one
trophic level) (Vander Zanden et al. 1997). From this proposed model, trophic level for
zooplankton ranged 1-3 overall, though trophic level estimates varied by seasons, lakes
and zooplankton taxa (Tables 5 and 6). There were significant differences in estimated
TL between net phytoplankton diets and nanoplankton and picoplankton sized diets.
However, there were no significant differences between nanoplankton and picoplankton
sizes when estimating net zooplankton trophic levels. The significance of these
differences is also interesting as it highlights the importance of the size distinctions
between <50 m and >50 m. Though there were differences in TL estimates based on
these various sized diets, the zooplankton fraction was comprised of various types of
zooplankton who consume various sizes of plankton and have different feeding
behaviors. For this reason, TL were estimated from the averages from all size fractions
for net zooplankton communities. When the zooplankton community is broken down by
major taxa, the feeding behaviors vary by zooplankton taxa. The zooplankton
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community composition will affect trophic level estimates because of the varying feeding
habits of the zooplankton. By calculating trophic levels of zooplankton, we can begin to
draw the intricate interactions between primary producers and primary consumers at the
base of the food chain or at the first order. Trophic level of zooplankton community will
be influenced by the zooplankton composition, as well as the diet composition.
The modified equation may be more appropriate for plankton food webs using
SIA with phytoplankton as baseline. There were a range of TLs for zooplankton taxa
that were identified by their feeding behaviors, more broadly represented between 1 and
3, than from its typical definition of TL= 2. The equation here;
TL=(15Nzooplankton -15Nphytoplankton)/3.4 + 1
estimates trophic level for primary consumers such as zooplankton. However, it can
also be applied to higher trophic levels as TL estimates from both models were very
similar when Lepomis was used as a reference. The comparison of each equation on
the predicted trophic level for Lepomis was made. Surprisingly, there was a similarity in
the outcome of the TL for Lepomis in this example and reference organism in this study.
TL=(15Nconsumer -15Nzooplankton)/3.4 + 2
versus
TL=(15Nconsumer -15Nphytoplankton)/3.4 + 1
TL estimates resulted in 3.32 vs 3.21 for Lepomis, respectively. Trophic levels for fish
as planktivorous consumers are often referred to as TL 3, though these levels vary by
food web and system tested. Therefore, the modified equation could also be useful in
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estimating higher trophic levels than zooplankton, but with implications for also
identifying appropriate trophic levels for individual zooplankton.
Trophic Magnification Factors of Cyanotoxins in Zooplankton Using SIA
Trophic magnification factors (TMFs) of cyanotoxins in zooplankton were
estimated for each lake and two toxins were modeled to test whether the equation
provided by Houde et al. (2008) could be applied to estimate cyanotoxicity TMF. This
approach may provide insight for tracking potential transfers of cyanotoxins such as
microcystins (MCs) and Beta-methyl alanine amino acid (BMAA) through simplified
planktonic food webs. The TMF models also provides estimates of trophic transfer of
toxins with fewer assumptions concerning trophic roles of species. These models
identified primary level food web interactions between various sizes of primary
producers including the cyanobacteria to the grazing zooplankton and predatory
zooplankton. I tested the model to predict trophic magnification factors for cyanotoxins
in the zooplankton communities based on their trophic level as a community by season.
I hypothesized that BMAA would have higher TMFs than MCs overall based on
evidence for biodilution of MCs in primary consumers in aquatic systems (Koslowsky
and Suzuki 2012) and biomagnification of BMAA from Cycad trees to flying foxes (Cox
et al. 2005). I also expected TMFs for cyanotoxins to be overall higher in the mesoeutrophic system, Willand Pond, since this system had higher levels of cyanotoxins in
phytoplankton fractions. However, the relationships between TL of zooplankton and
TMF of cyanotoxins in zooplankton communities were lake dependent rather than
cyanotoxin dependent since the bioaccumulation of these toxins was dependent on the
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specific toxic cyanobacteria and zooplankton taxa present. The composition of toxic
cyanobacteria as the base of the food web varies by lakes and seasons, regardless of
the trophic levels of the zooplankton. Cyanotoxicity may vary seasonally, but also vary
due to a combination of factors that regulate cyanotoxin production. Trophic levels of
zooplankton vary by feeding behavior and outline very different potential sources of
toxic cyanobacteria based on their ability to handle size, shape and perhaps the toxicity
of the source. The bioaccumulation of toxins may represent an immediate diet. For
example, Daphnia may have microcystins in their tissues, but they are also likely to
have it in their gut, not necessarily assimilated. Therefore, transfers of cyanotoxins to
higher trophic levels may also include undigested toxic cyanobacteria in the gut of the
zooplankton.
The combined datasets (of Christine Lake and Willand Pond) for TLs and
cyanotoxins resulted in an overall positive relationship, with positive slopes and higher
TMFs as a result (Figure 13). However, when the lakes were considered separately,
negative relationships (biodilution) were observed in WiIland Pond and positive
relationships (biomagnification) were observed in the more oligotrophic Christine Lake
(Figures 14 and 15). Although there were higher bioaccumulation of cyanotoxins
detected in zooplankton in the more eutrophic system due to higher cyanotoxins in
cyanobacteria, the transfer of energy from phytoplankton to zooplankton may become
less efficient in more eutrophic lakes since there is excess but less edible phytoplankton
and alternate sources of food. Thus, from the present study, it appears that trophic
transfer of cyanotoxins is less dependent on the quantity of toxin accumulated and more
241

dependent on the composition of the phytoplankton and the trophic structure of
zooplankton grazers, each of which can vary by season.
Cyanotoxicity was non-detectable in many of the isolated zooplankton taxa
groupings and thus there were not enough replicates to determine trophic magnification
factors (TMFs) or biomagnification factors (BMFs) for individual zooplankton taxa
specifically. The model equation for TMF estimates based on net zooplankton
communities does not predict individual taxa that vary in their feeding behaviors. For
example, Bosmina of Willand Pond had an average TL of 1.95 (+/-0.13) and predicted
MC toxicity would be 0.000453 ng MC g-1 dry weight [using the relationship for TL and
log cyanotoxin of WP zooplankton; logMCNetZoop = 5.308 - (1.715 * TLNetZoop)]. However,
MC-toxicity of Willand Pond Bosmina was closer to 1000 ng MC g-1 dry weight. Since
the bioaccumulation of microcystins is heightened in these individual taxa, displaying
higher concentrations of MCs than other zooplankton, it would be underestimated from
the predictions made from the zooplankton community. The rate of bioaccumulation
varies greatly between organism and therefore separate relationships should be applied
for systems with varying zooplankton compositions, though a broader set of lakes may
be key to understanding this relationship in Northeast (US) temperate lakes that
undergo seasonal succession.
It is especially interesting to compare Trophic Magnification Factors (TMFs)
estimated with two very different methods, i.e. determination of a trophic shift by SIA
and regression analysis and weight specific comparisons of assumed trophic levels
(chapter 1). In chapter 1, Biomagnification Factors (BMFs) were determined as the ratio
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of cyanotoxin in zooplankton to cyanotoxin in phytoplankton (separated by size for
comparison). Ratios > 1 were defined as biomagnification (BMFs). Ratios equal to 1
(1:1 ratios) were defined as bioaccumulation. Ratios < 1 were defined as biodilutions.
From this simplified approach, bioaccumulation could be defined as the ratio of
cyanotoxicity of the higher trophic level over the cyanotoxicity of the source (or between
two plankton fractions, presented here as zooplankton and phytoplankton). When
zooplankton accumulated higher toxins than the source, it was a biomagnification of the
toxin, and the ratios would be considered the biomagnification factors (BMFs). Despite
the methodological differences, the general conclusions of the SIA determined trophic
level and BMF toxin ratio for the phytoplankton-zooplankton trophic transfer are in
general agreement, i.e. there was generally the observation of biodilution of MCs in
Willand Pond and biomagnification of MCs in Christine Lake. The average BMF for the
meso-eutrophic Willand Pond over all seasons for ZMC:PMC (MC in net zooplankton over
net phytoplankton) was 0.24 +/- 0.10 and for oligotrophic Christine Lake was 2.33 +/1.03. Though the taxa-specific bioaccumulation reveals the variation of bioaccumulation
that results are dependent on the zooplankton community composition. For example,
Bosmina in Willand Pond contained 1005.16 ng MC g-1 dry weight, while net
phytoplankton was estimated to have 300.16 ng MC g-1 dry weight, resulting in a
biomagnification factor of 3.4. There were also biomagnifications of MCs in Bosmina
from Christine Lake with a BMF of 2.9 (chapter 1). Though the MC levels in Bosmina
and in the net phytoplankton were considerably lower in Christine Lake with 66.35 and
22.7 ng MC g-1 dry weight, respectively.
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Summary and Conclusion
Stable Isotope Analyses (SIA) focus on the higher trophic levels in food webs,
often ignoring phytoplankton or combining all plankton as the pelagic food web base. In
this study, SI analyses clarified the structure and dynamics of plankton food webs by
determining SI signatures and identifying major shifts in SI ratios for plankton related to
lake-specific community composition and season. This study describes the trophic
position of major zooplankton taxa in NH lakes and how they change with season. It
also highlights the differences in SI signatures for carbon and nitrogen for diets of
various functional size categories. Lakes of contrasting water qualities and trophic
structures should be separately evaluated, as the food web dynamics within lakes vary
significantly, both from each other and seasonally.
This study further contributes to the expanding knowledge of trophic shift for SIA
between diets and consumers in aquatic studies. SI signatures should not be applied
across different studies due to the dynamic changes amongst plankton, strongly driven
by seasonal succession. These findings highlight the importance of the seasonal
succession of plankton, especially in temperate lakes. The perception that baselines
should be examined from primary consumers to higher trophic levels is not disputed
here. Instead, this research provides an initial understanding of the important
differences amongst primary consumers (zooplankton specifically); SI variations that
occur for plankton compartments that are usually combined in SIA analyses.
Plankton compartment and size categories are important to consider as many of
the primary consumers that feed on phytoplankton are size selective in their feeding
244

preferences. A range of consumers are limited in their ability to handle food based on
sizes or shapes. All size categories represented populations with significant populations
of cyanobacteria. While net phytoplankton and picoplankton sizes were known to
primarily contain phytoplankton and cyanobacteria, the nanoplankton size class was not
observed for identification. However, nanoplankton were assumed to contain an ideal
size range of phytoplankton and microzooplankton. The nanoplankton range also
represents picoplankton that may have been micro-colonizing, and smaller colonies or
net phytoplankton that may have been breaking down. However, it is also assumed to
be comprised of a variety of rotifers, HNFs and protists (noted, but not enumerated in
this study). Therefore, nanoplankton are an ideal food size category for omnivorous
zooplankton with a wide range of diets. SIA of nanoplankton for both C and N resulted
in intermediate levels between net phytoplankton and picoplankton, with some seasonal
variation as discussed. Ultimately, nanoplankton could denote a variety of food sources,
of an optimal size, which many of the zooplankton could benefit from and consume.
Overall, there were more similarities between picoplankton and nanoplankton SI values,
while net phytoplankton was often significantly different. No significant differences were
found for trophic shift between size categories of food based on size for nanoplankton
and picoplankton baselines. These differences are important in delineating food web
structures and highlight the significance of diet size, especially defining differences
between sizes that are greater and less than 50 m.
Grouping zooplankton taxa by feeding behaviors revealed that there were no
significant differences between SI values for omnivores and other feeding behaviors
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based on δ15N. However, herbivores and carnivores did differ significantly in their SI
signatures. For example, Daphnia spp. (D. ambigua and D. catawba from Willand Pond
and D. dubia and D. catawba for Christine Lake) represented primary consumers as
herbivores, likely consuming picoplankton and nanoplankton sizes. Bosmina longiremus
are small-bodied cladocerans, often refereed as raptorial in their ability to handle larger
food sizes. Bosmina represented herbivorous coarse feeders, consuming net
phytoplankton and nanoplankton size categories. Holopedium gibberum are larger
bodied cladocerans, considered to be omnivorous and may be able to handle a wide
range of sizes of phytoplankton, likely preferring nanoplankton. Calanoida represented a
few different species over the seasons, but overall calanoid-copepods represented
omnivorous feeding behaviors. Calanoids are generally known to adapt to conditions as
they tend to be a longer-lived zooplankton (~1 year). The calanoid compartments
generally contained a wider range of C, and higher N than other primary consumers.
Cyclopoida also represented a few different species over the seasons. Cyclopoidcopepods represented carnivorous feeding behaviors as secondary consumers.
Signatures of SIA for cyclopoids widely ranged over the seasons. The range could be
due to seasonal influences, however cyclopoids have a more unpredictable diet, as they
are opportunistic and are also longer-lived (~1 year). Leptodora kindti is a large-bodied
cladoceran, known to prey on smaller cladocerans. Leptodora was considered a
secondary consumer in the represented food web model for Christine Lake. Leptodora
were likely consuming small bodied Daphnia and Bosmina. Holopedium and calanoids
were not the likely preferred diets of Leptodora kindti, possibly due to their gelatinous,
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large-body sizes. Daphnia could represent the diet in this select food web model for
Leptodora. While Chaoborus punctipennis was the secondary consumer example in
Willand Pond, known for their carnivorous feeding behavior. In this food web example,
the likely diet of Chaoborus would be Bosmina and perhaps small-bodied Daphnia.
Thus, this review highlights that the zooplankton vary by feeding behavior, though a
wide range of the zooplankton are omnivorous. Interestingly, the herbivorous
zooplankton, Bosmina and Daphnia, were found to have higher levels of MC
bioaccumulation. Further, the high levels of microcystins in Chaoborus indicate that
biomagnification of MCs could be a result of their predacious behavior, often preferring
Daphnia and Bosmina as diets. These findings support the use of SIA for estimating
trophic level of the zooplankton and support that individual zooplankton taxa represent
different trophic levels within the zooplankton community.
This study is also the first to apply SI to estimate bioaccumulation of cyanotoxins
in zooplankton in NH lakes. Since the bioaccumulation of cyanotoxins varies by type of
toxin, I expected that the TMF would predict at different rates for BMAA and MCs. That
is, I expected BMAA to have higher TMFs than MCs. I expected that MCs would result
in no relationship, or biodilution in zooplankton, as was discussed in chapter 1. Instead,
the differences were noted between lakes as trophic levels and cyanotoxins of
zooplankton were different and variable by lake and season. When these data sets
were combined, there were significant positive relationships for zooplankton and both
cyanotoxins. However, individually it was found that while Christine Lake had positive
(biomagnification) slopes for predicting TMFs, Willand Pond had negative (biodilution)
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relationships. The overall positive slopes in Christine Lake are interesting in contrast
with Willand Pond as Christine Lake had lower levels of cyanotoxins than were found in
Willand Pond. The zooplankton composition and their feeding behavior may be the
major influence that varies these predictions. Future studies should focus on specific
zooplankton taxa who may accumulate toxins at varying amounts due to their specific
feeding behavior. Bosmina, would be an excellent model organism in food webs to
demonstrate the magnification of such toxins since higher accumulation of MCcyanotoxins were observed in Bosmina in this study.
This study is the first attempt to delineate stable isotope signatures for a broad
array of plankton over four seasons in NH lakes. The study is also unique in comparing
diets of zooplankton based on phytoplankton size and illustrates the application of SIA
in describing the trophic transfer of cyanotoxins. Advantages of this method are that, in
contrast to simplified categories of producers and grazers, it is a more objective
assessment of trophic level of organisms since it is based on the relationship of stable
isotope shifts unique to the particular lake and food web.
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