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Abstract 

Cyanobacterial harmful algal blooms (CHABs) caused by eutrophication seriously impact aquatic 

ecosystems and human health. Biomanipulation using foraging organisms to regulate and eradicate 

harmful algal growth has been receiving considerable attention. However, successful cases are limited to 

small scale operations, and organisms have included only herbivorous fish and zooplankton. Freshwater 

gastropods are diverse and abundant, and can be used in biomanipulation because they are easily collected 

and transported. The aim of this dissertation is to investigate the freshwater gastropod, Bellamya 

aeruginosa, in controlling CHABs. Results showed: 1) B. aeruginosa use suspension filtration to capture 

floating colony-forming cyanobacterial species Microcystis aeruginosa and produce pseudofaeces 

containing M. aeruginosa removing them from the water column; 2) Rate of suspension filtration depends 

on distribution overlap of B. aeruginosa and M. aeruginosa; 3) The suspension filtration is not 

detrimental to M. aeruginosa as the pseudofaeces containing M. aeruginosa float, decompose rapidly, and 

release viable Microcystis back to the water body; 4) B. aeruginosa showed low grazing ability to floating 

pseudofaeces, but it can graze on pseudofaeces that remain on the bottom; 5) Faeces produced by 

Bellamya have as low density as pseudofaeces, ruptured rapidly and subsequently released undigested 

Microcystis back to the water body causing secondary blooms. The combined effect of points 2 - 5 

resulted in a low control efficiency; 6) Silt or turbidity significantly improved control efficiency on 

Microcystis due to alterations in pseudofaeces and faeces. Suspended particles and silt increased the 

density of pseudofaeces and faeces, respectively, so they settled to the bottom allowing increased grazing 

and ingestion rates, and led to significantly increased digestion. In addition, silt and suspended particles 

wrapped with M. aeruginosa in the pseudofaeces and faeces enhanced structural robustness, significantly 

increasing decomposition time, and therefore reduced M. aeruginosa viability. These findings were 

validated in a whole-lake experiment that successfully controlled CHABs through B. aeruginosa. 

B. aeruginosa’s digestive ability is not the major factor determining control efficiency over 

Microcystis, but rather the properties of the pseudofaeces and faeces. These findings suggest that instead 
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of manipulating food-chains at different trophic levels by introducing remediating species to where 

cyanobacterial infestations are located, relocation of Microcystis to lake bottoms may keep it in check by 

co-habituating organisms. 
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Glossary 

Some definitions and terminology in this thesis may be slightly different than some published 

articles.  Therefore, for clarification reasons, the meanings of these less familiar terms are noted below. 

Cyanobacteria: May be referred to as “blue-green algae” in some publications. Unicellular and 

colonial photosynthetic bacteria, lacking membrane bound plastids. Primary photosynthetic pigment is 

chlorophyll a, with accessory phycobilins (phycocyanin, phycoerythrin). Assimilation products are 

glycogen and cyanophycin. There are four main sub-groups, of which three have planktic representatives. 

(Reynolds 2006) 

Elimination rate: the percentage of algae or cyanobacteria destroyed through cell death for a 

given time interval (see 2.2.7) 

Filtration rate: the volume of water that passes through the ctenidia of an organism for a given 

time interval (see 2.2.6) 

Food groove complex: Radula (grazing structure) and ctenidia (particle-filtering structure) are 

physically separated in gill-breathing gastropods. The food groove complex is a unique structure formed 

into a “groove” shape, connecting ctenidia to radula, allowing rotation & rolling, compressing, and 

transporting of trapped particles from the ctenidia to the radula. (see section 2.3.2, 2.4.2, Figure 2-3). 

Phytoplankton: The collective of photosynthetic microorganisms, adapted to live partly or 

continuously in open water, includes two major categories: algae (eukaryotes) and cyanobacteria 

(prokaryotes) (Reynolds 2006). 

Planktonic algae/cyanobacteria: Algae / cyanobacteria are components of the living seston, 

adapted for a life spent wholly or partly in suspension in open water.  Planktonic algae/cyanobacteria 

cannot be grazed by Bellamya aeruginosa through their radula directly (see section 2.2.2,  Table 2-1)  

Pseudofaeces (in filter-feeding bivalve mollusks): Some particles that are trapped from 

suspension, but not ingested and removed from the mantle cavity, are termed pseudofaeces. The 
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production of pseudofaeces is often due to the regulation of the volume of particles and the sorting of 

edible seston from that which is inorganic, of low nutritional value or toxic (Beninger et al. 1999).  

Pseudofaeces (in the gill-breathing gastropod, Bellamya aeruginosa): a rope-like shape 

mucous string in which their contents are a mixture of trapped suspended food particles. The B. 

aeruginosa does not have the ability to sort particles, thus all trapped particles will be converted to 

pseudofaeces (see 2.4.3) 

Rupture points: Pseudofaeces or faeces produced by B. aeruginosa are wrapped with a 

mucilagenous layer which when in contact with the water starts to decompose. Eventually, rupture points 

are found in the outer layer and the inner content is leased to the water body through these points. 

Secondary ingestion: the process by which organisms grazing of its own faeces or faeces 

produced by other organisms. (see 2.3.4) 

Secondary ingestion faeces: The subsequent faeces produced through the secondary ingestion 

process are termed secondary ingestion faeces (see 2.3.9). 

Seston: the organisms and non-living matter swimming or floating in a water body. 

Suspension feeding (in filter-feeding bivalve mollusks): May be referred to as “caliary feeding” 

“filter feeding” in other publications. Involves pumping water through a set of ctenidia, removal of 

particles from suspension, and transport of collected particles to the mouth. The feeding palps around the 

mouth are attached to the ctenidia; they can sort and trap particles at the ctenidia, where collected 

particles can then be ingested through their buccal structures directly (Ruppert et al. 2004). 

Suspension feeding (in the gill-breathing gastropod, Bellamya aeruginosa): Involves two 

major processes; suspension filtering, which pumps water through the ctenidia, removes particles from 

suspension, transports, compresses, rotates and temporarily stores food through the food groove complex; 

and grazing of pseudofaeces, which the snail does on produced pseudofaeces through its radula. The 

suspension feeding process in B. aeruginosa does not have particle sorting ability. (see section 2.3.2, 

2.4.2, Figure 2-3).  



 1 

Chapter 1 

Introduction 

1.1 Cyanobacterial harmful algal blooms (CHABs): an expanding global issue 

Harmful algal blooms (HABs) are formed by a small subset of algal species that produce toxins 

and accumulate near the surface, causing harm to ecosystems and potentially to humans. Algal groups that 

form HABs can survive within a certain range of salinity levels, and are found in marine, estuarine, and 

freshwater ecosystems. Cyanobacteria (or blue-green algae) are the major species that forms blooms in 

freshwater (Paerl et al. 2001). These blooms are usually defined as “Cyanobacterial Harmful Algal 

Blooms (CHABs)” or “CyanoHABs” (Hudnell et al. 2008) 

CHABs have been reported in the scientific literature for over 135 years (Francis 1878). In recent 

decades, the incidence and intensity of CHABs are on the rise worldwide due to cultural eutrophication, 

the process that speeds up natural eutrophication because of human activity (Smith 1998). CHABs now 

pose a significant threat to some of the largest and most important aquatic ecosystems worldwide, such as 

Lake Taihu in China, Lake Victoria in Africa, Lake Kasumigaura in Japan, Lake Erie in North America, 

and the Baltic Sea in Europe. (Paerl and Huisman 2008). 

CHABs are of particular concern in developing countries such as China, India, and other nations 

in Southeast Asia and Africa, where eutrophication is commonplace because of population growth, rapid 

urbanization, extensive economic growth modes, unsound environmental laws and a lack of 

environmental awareness (Jiang 2009, Le et al. 2010, Anderson 2012, Qu et al. 2014) . These eutrophic 

water bodies are usually major sources of drinking water, causing the occurrence of CHABs to regularly 

affect large populations and cause water shortages. For example, China’s third largest lake, Lake Taihu, 

which provides drinking water for over 90 million people, has faced eutrophication and CHABs issues 

consistently over the past two decades (Paerl et al. 2011). In 2007, a single CHABs event curtailed the 

supply of potable water from this lake to two million people in Wuxi City which resulted in a direct 
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economic loss of 2.87 billion CNY, approximately equivalent to 0.5 billion USD (Zhang et al. 2010, Liu 

et al. 2011). 

The incidence of CHABs, and associated concerns in water safety, is also increasing in developed 

countries where excessive nutrient loading is strictly regulated. Reports from Florida, Nebraska and New 

York states from United States as well as all the Great Lake regions have indicated that CHABs have 

become prevalent during warm seasons (Hudnell 2010). CHABs are conservatively estimated to cost the 

U.S. economy between 2.2 and 4.6 billion dollars annually (Dodds et al. 2009). A notable example 

occurred in August 2014 when CHABs occurred in Lake Erie resulting in a water-supply shutdown to 

over 500,000 residents of Toledo, Ohio (Michalak et al. 2013). In addition, recent paleolimnological data 

showed that the occurrence of CHABs is increasing significantly in north-temperate subarctic lakes, which 

were once considered free of this issue (Taranu et al. 2015). 

1.1.1 What causes CHABs to proliferate worldwide 

The formation and persistence of CHABs are caused by the combined effects of many abiotic and 

biotic factors, including nutrient over-enrichment, increases in global temperature, changes in weather 

pattern, and a decrease of algal-grazing species (Hudnell et al. 2008).  

The main factor that produces CHABs worldwide is excessive levels of nitrogen and phosphorus 

in surface water, which dramatically increases the nutrient loading of the ecosystem. (Hallegraeff 1993, 

Anderson et al. 2002, Heisler et al. 2008). In addition to nutrient over-enrichment issues, recent research 

indicates that global climate change is likely to influence CHABs for a number of different reasons: 1) 

Increasing water temperatures will promote cyanobacteria since they exhibit optimal growth rates at 

relatively high temperatures compared to other algal species (Paerl and Huisman 2008); 2) Insular heating 

intensifies vertical density stratification and lengthens the seasonal stratification period, which suppresses 

vertical mixing intensity and frequency. As a result, some cyanobacteria that form gas vesicles are 

buoyant on the water surface and shade deeper non-buoyant species, enhancing their competitive 

advantage (Reynolds et al. 1987, Huisman et al. 2004); 3) Algae in eutrophicated water bodies have higher 
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photosynthetic rates, resulting in a water pH increase and CO2 becoming a phototrophic growth limiting 

factor in the water. Global warming and rising levels of atmospheric CO2 will increase the CO2 

concentration near the water surface allowing bloom-forming cyanobacteria floating on the surface to 

directly intercept CO2 and offset the aforementioned limitation, while other algal species in the water 

column are unable to overcome this issue which further increases CHABs dominance (Paerl and Ustach 

1982, Shapiro 1990, Huisman et al. 2004); 4) Regional precipitation patterns may also change due to 

global climate changes, leading to more intense precipitation in the spring, which flushes significant 

amounts of nutrients into the system. This provides ideal incubation, seeding, and growth conditions for 

bloom development (Michalak et al. 2013).  

1.1.2 CHABs impacts on ecosystems and their toxicity to humans 

The combined pressures from the high amount of cyanobacterial biomass and the hypoxic 

conditions that develop during CHABs die offs and decay, degrade aquatic habitats and compromise 

ecosystem sustainability. For example, high biomass of cyanobacteria floating on the surface blocks 

sunlight and kills macrophytes through a shading effect. Cyanobacteria contain low concentrations of 

polyunsaturated and saturated fatty acids compared with other algae, reducing natural populations of 

zooplankton due to this poor food quality (Kirk and Gilbert 1992, Muller-Navarra et al. 2000, Wilson et 

al. 2006). Impacts from toxicity can kill organisms directly or indirectly by weakening their resistance to 

bacterial or viral infections (Christoffersen 1996). In additional, the negative feedback mechanisms of 

cyanobacteria, mainly functions through its interactions with the food-web. The presence of cyanobacteria 

can change the trophic structure of food-webs and cause the suppression of other organisms, resulting in 

added nutrient availability, which produces a feedback mechanism that promotes its ecological 

dominance. 

On the other hand, many genera of cyanobacteria are known to produce a wide variety of toxins 

and bioactive compounds, such as hepatotoxins (e.g. microcystins, nodularins, and cylindrospermopsins) 

and neurotoxins (e.g. anatoxin-a, saxitoxins). These toxins primarily target liver, skin, nerve synapses, and 
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other organs in mammals, which poses a potential risk to human health through dermal contract or 

ingestion (Huisman et al. 2005, World Health Organization. 2011).  

1.1.3 Microcystis – the most relevant cyanobacterial species  

Freshwater cyanobacteria of the genus Microcystis are one of the most common bloom formers in 

freshwater systems (Mur 1983). They get the most attention because of their unique colony structures, 

ability to be dominant in a wide range of environmental conditions, strong toxic effects, and negative 

feedback that prevents reestablishment of healthy ecosystems. 

Microcystis cells aggregate and appear in large colonies of various sizes and shapes (Vinh et al. 

2012). Colony size can reach several hundred micrometers in diameter preventing ingestion from 

invertebrates such as Daphnia (Rohrlack et al. 1999). Furthermore, each colony has a protective mucus 

glycocalyx layer that makes it impermeable to the digestive enzymes of fish, i.e. the ingested colony will 

travel through the alimentary canal without being lysed (Carbis et al. 1997). 

Microcystis has been shown to out-compete species of eukaryotic algae at higher temperatures, 

grow faster at high nutrient availability, and possess high tolerance to salinities, allowing them to be 

dominant in a broad range of environments within freshwater lakes and estuaries. (Fujimoto et al. 1997, 

Vezie et al. 2002, Tonk et al. 2007). 

Toxicity of Microcystis mainly comes from microcystins, a class of hepatotoxins produced by 

Microcystis cells that may cause serious and occasionally fatal liver tumor formation, as well as digestive, 

neurological, and skin diseases in humans, along with the other harmful compounds including, anatoxin-

(a), and β-methyla-amino-L-alanine (BMAA) (Fristachi and Sinclair, 2008; Dawson 1998, Rohrlack et al, 

2003).  

1.2 CHABs prevention, control & mitigation strategies  

There are currently three widely-accepted systematic strategies to control the effects of CHABs. 

These include nutrient-source control, post-bloom control, and mitigation advisories. These strategies are 
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urgently needed to lower the frequency and severity of CHABs, and consequently reduce the impact on 

human health and the economy (Jewett et al. 2008, Anderson 2009). 

1.2.1 Prevention through nutrient-source control 

A nutrient-source control strategy aimed at controlling the limiting factors for CHABs formation, 

such as reduction in phosphorus levels, has been the primary process used to prevent CHABs (Anderson et 

al. 2002). However, for this strategy to work, it must reduce phosphorus to sufficiently low levels (Paerl 

2008). This usually requires several decades to observe positive results in large water bodies (Jeppesen et 

al. 2005, Schindler 2012). However, even decreased phosphorus levels may not completely stop CHABs 

formation. For example, the occurrence of CHABs gained public attention as early as the 1960s in the 

Great Lakes of North America. Since then, strict phosphorus loading laws and regulations have been 

implemented, including bans on phosphate containing detergents and improvements in waste-water 

treatment. These practices have resulted in large reductions in phosphorus inputs and steep declines in 

algal blooms (International Joint Commission 2014).  However, extensive CHABs events have recurred in 

Lake Erie and adjacent water bodies since 2000 with an increasing frequency (Stumpf et al. 2012, 

Bridgeman et al. 2013, Paerl et al. 2014, Winter et al. 2015). The intrinsic problem is that CHABs 

formation involves multiple causal factors and it is very difficult to effectively control them all. For 

example, in addition to phosphorus, recent studies have implicated other nutrients such as nitrogen and 

elevated CO2 influx into aquatic systems (O'Neil et al. 2012, Verspagen et al. 2014). These findings 

increase the complexity of the nutrient management paradigm. 

Moreover, implementation of this strategy faces severe challenges in many developing countries 

due to increasing population pressure, changes in developmental status and convoluted government 

administrative structures.  For example, in China, non-point source pollution accounts for 60 to 80% of  

nutrient loading (Ministry of Agriculture of China 2010), which is unlikely to be effectively reduced in the 

short term.  Because of continued population growth, additional food production will necessitate increased 

fertilizer use and animal waste production. The conversion of lake shoreline and wetlands to arable land 



6 

 

has resulted in over 13,000 km2 of lost wetlands in the past three decades (Gong et al. 2010, Wang et al. 

2012). Environments that were once water-purifying now act as pollution sources (Qin et al. 2007, Jin et 

al. 2008).  Furthermore, 60 to 70 % of freshwater lakes in China are shallow (mean depth < 10 m), causing 

them to be highly subject to mixing dynamics by wind disturbance, which re-suspends precipitated 

nutrients (Yang et al. 2010). Thus, the aforementioned complications may further compromise the 

effectiveness of the nutrient-source control strategy in developing countries. 

1.2.2 Post-bloom control through mechanical, chemical, and biological methods  

A post-bloom control strategy is needed as a supplement when the nutrient-source control strategy 

alone is not sufficiently effective. The main purpose of this strategy is to decrease existing blooms and 

minimize their impacts. Generally, the post-bloom control strategies can be categorized into mechanical, 

chemical, and biological manipulations (Jewett et al. 2008). 

An example of mechanical control is the removal of CHAB cells from the water by dispersing 

chitosan-modified soil over the water surface. The clay particles aggregate with each other and with 

cyanobacteria cells to remove CHABs through sedimentation (Li et al. 2015). Chemical control relies on 

toxicants include potential species-specific chemical control compounds. Copper sulfate is one of the 

algaecides that has been widely used in the past (Rounsefell and Evans 1958). Biological control uses 

microorganisms, aquatic macrophytes, and fish as tools to control algal blooms. For example, 

actinomycetes (e.g. Streptomyces exfoliates) indirectly attack cyanobacteria through the production of 

lytic agents, and protozoa (e.g. Nuclearia delicatula and Nassula tumida) directly attack cyanobacteria 

cells through predation (Sigee et al. 1999). Aquatic macrophytes also reduce the risk of algal blooms 

through competition for nutrients and by their allelochemical secretions (Mulderij et al. 2003).  

However, these attempts to remove cyanobacteria and cyanotoxins are either ineffective in the 

long term or too difficult to implement, particularly in large water bodies (Smith and Schindler 2009). The 

cost-to-benefit rationale in larger water bodies is another challenge which will require considerable 

research to provide effective applications (Anderson 2009). Furthermore, the consequential impacts on 
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ecosystems require long-term evaluation (Cooke et al. 2005). For example, removing a proportion of algae 

from the water body through this strategy may provide opportunities for recurrent algal blooms. 

1.2.3 Mitigation through water advisories  

The mitigation advisory strategy is also important because it takes the necessary steps to help 

minimize the negative impacts on human health, living resources, and coastal economies when CHABs 

occurrence is not preventable or controllable.  A common example is the employment of water usage 

warnings (e.g. priority monitoring, water use advisories, restrictions) to the public (Cheung et al. 2013).  

However, this is often not an option in developing countries where susceptible surface waters (lakes and 

reservoirs) function as the sole source of potable water. 

1.3 Biomanipulation: A proactive strategy to prevent CHABs 

1.3.1 Concept & applications 

In the natural environment, there are foraging organisms (e.g. filter-feeding fish, zooplankton) that 

are antagonistic towards nuisance algae thus providing a natural means of control. Biomanipulation with 

respect to CHABs is the process of regulation and eradication of harmful algal growth or blooms by 

introducing or enhancing the number of selected foraging organisms in the water body (Jeppesen et al. 

2012). This strategy is preferred because the implementation of biotic components of a water body is 

relatively easy in comparison to solutions relying on the management of abiotic components. 

Biomanipulation is considered as an environmentally friendly strategy, and could remain effective over a 

long period with little continuous maintenance. More importantly, this approach aims to prevent CHABs 

proactively from occurring to minimize their adverse effects (Benndorf et al. 2000, Mehner et al. 2004). 

Biomanipulation has been used in ponds, lakes and reservoirs to combat CHABs, and generally 

there are two directions of application: 1) Traditional biomanipulation, which increases the abundance and 

size of zooplankton (mainly large Daphnia species), causing enhanced grazing pressure on phytoplankton. 

This is done by removal of zooplankton-eating fish (McQueen 1998, Sondergaard et al. 2008), or stocking 

of predatory fish that consumes zooplankton-eating fish (Benndorf 1995, Skov and Nilsson 2007); 2) Non-
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traditional biomanipulation as a direct control of CHABs by stocking pelagic planktivorous fish 

(especially filter-feeding fish) and removing piscivorous fish to maintain grazing pressure to 

cyanobacteria (Starling 1993, Xie and Liu 2001, Zhang et al. 2008). 

1.3.2 Limitations 

Conceptual understanding of biomanipulation is based on the simple notion of food-chain and 

optimal foraging theories. The expectation is that this simplistic approach works in contrast with the 

abundance of scientific evidence highlighting the complex nature of aquatic food webs when applying 

biomanipulation strategies. Because biological interactions are often very complex in aquatic ecosystems, 

biomanipulation trials can meet with both success and failure - with the average success rate of this 

approach reported to be 60% (Mehner et al. 2002). However, successful cases of biomanipulation are 

often limited to experiment scale, such as small ponds (Sondergaard et al. 2007). Most of the attempts to 

implement biomanipulation strategy at a large-scale have achieved mixed degrees of success and some 

have led to controversial results (Koschel 1995, Kolar et al. 2005b, Ke et al. 2007, Zhang et al. 2008).  

This also puts long-term effectiveness of such strategies into question (Hanson and Butler 1994). 

Several concerns have been raised regarding the biomanipulation strategy. Firstly, there is a lack 

the use of native organisms that can either form a sufficiently large and stable population, or have high 

enough consumption rates on the harmful cyanobacteria. Until now, organisms that could be used to 

combat CHABs are limited to species of fish and herbivorous zooplankton species (Gophen 1990, 

Benndorf et al. 2000, Kasprzak et al. 2002). Secondly, it is challenging to establish an appropriate grazing 

capacity of remediating organisms, such as zooplankton or planktivorous fish, to match onset of 

cyanobacteria blooms (Qin 2009). Cyanobacterial populations vary dynamically on the temporal scales, 

whereas zooplankton population dynamics often have different patterns to that of the harmful 

cyanobacteria. For example, zooplankton density often experiences significant declines at the end of 

spring which coincides with the time when its grazing power is most needed to control cyanobacteria 

(Benndorf et al. 2001, Hulsmann and Voigt 2002). On the other hand, the density of planktivorous fish 
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does not change much over a few months or seasons. Therefore, biomanipulation using planktivorous fish 

faces the dilemma of either not having enough grazing pressure to control cyanobacteria, or it suffers from 

the lack of alternative food source during non-bloom seasons (Persson et al. 1992). Thirdly, repeated 

application of biomanipulation in the same ecosystem could potentially compromise its efficacy in 

curtailing cyanobacterial blooms because many cyanobacteria serve as food of poor quality to zooplankton 

or planktivorous fish. It follows that the preferred feeding or filtering of other algae species promotes 

growth of strains of toxic cyanobacteria (Kirk and Gilbert 1992, Muller-Navarra et al. 2000, Vanderploeg 

et al. 2001, Ferrao-Filho and Azevedo 2003, Wilson et al. 2006). Fourthly, the control of CHABs is a 

relatively prolonged process. The long-term ecological effects of introducing one or more remediating 

species are often unknown and difficult to assess (Mehner et al. 2002). Finally, too many factors can affect 

the success of bio-manipulation as they are usually linked with site-specific environmental conditions and 

limno-morphometry. Therefore, a successful remediation case in one water body doesn’t necessarily 

translate into a positive one in other water bodies without careful on-site assessmen (Jeppesen et al. 2012).  

Therefore, successful results in one waterbody cannot be easily replicated in other water bodies (Jeppesen 

et al. 2012). This suggests that a more detailed understanding of the dynamic aspects of aquatic food webs 

is needed. 

1.4 Freshwater gastropods: A potential biomanipulation species to control CHABs 

1.4.1 Gastropods in the freshwater ecosystem 

Freshwater gastropods are commonly found in freshwater habitats such as lakes, reservoirs, rivers, 

streams, ditches, and ponds. They are diverse and abundant, with more than 4,000 described species 

worldwide (Strong et al. 2008). They have been identified as a cornerstone species in freshwater 

ecosystems as they are primary consumers within the food chain, as well as providing an essential and 

foundational role in the ecosystem (Bracken and Low 2012). Many gastropods are deposit feeders, 

ingesting sediment particles and organic detritus, algae and bacteria found in the sediment or other 

substrates, thus affecting the biomass, productivity, and species composition of epiphytic communities as 
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well as macrophytes (Marks and Lowe 1989, Atalah et al. 2007, Li et al. 2008) . They also influence 

energy flow and nutrient cycling through the ecosystem by transforming organic detritus from sediment 

storage into dissolved nutrients that can be mixed in overlying waters and used by macrophytes and algae 

to enhance primary productivity (Covich et al. 1999, Arango et al. 2009, Zheng et al. 2011). In addition, 

suspension feeding has been reported in wide clades of gastropod (Declerck 1995), which suggested that 

they can filter-feed suspended cyanobacteria similar to bivalves, reducing suspended particulates or algae 

in the water column and increasing water transparency (Han et al. 2010, Liu et al. 2010). 

1.4.2 The use of gastropods as bio-indicators, for bioremediation and biomanipulation 

Since gastropods are numerous, easily collected and transported, relatively sedentary, and can live 

at high densities and are tolerant to large variation of habitats, they have been used as bio-indicators of a 

wide variety of contaminants in aquatic environments. These include metal toxicity (Gomot 1998, Flessas 

et al. 2000), pesticides (Legierse et al. 1998), herbicides (Tate et al. 1997), industrial waste dump 

contaminants (de Vaufleury and Pihan 2000), oxidative sediments (Yunqing Xiong and You 2010), toxins 

from harmful algae (Zhang et al. 2007) and oil dispersants (Lee et al. 2002).  

Gastropods are also widely used for bioremediation. For example, they are very effective in 

bioremediation of heavy metals such as mercury and cadmium because their mobility allows them to 

cover relatively large surface areas (Tessier, 1994). They are also used to improve water quality. In lab 

and in situ experiments show that Bellamya aeruginosa notably improves water transparency (Bai et al. 

2006) and diminishes total phosphorus (Wei and Pu 1999). When gastropods are introduced into 

reconstructed wetlands and lakes used for drinking water, they increase transparency by reducing the 

amount of suspended particles (Pu et al. 1997).  

On the other hand, very few studies or applications have used gastropods for biomanipulation of 

harmful algal blooms. Suppression of filamentous algal blooms has been correlated with the presence of 

snails (Liebowitz et al. 2014), which may be the major contributor to lowered total algal biomass and 

inhibition of CHABs (Han et al. 2010, Liu et al. 2010, Jin et al. 2015).  This has the potential effect to 
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lessen eutrophication in some systems and thereby reduce the occurrence of CHABs (Chase and Knight, 

2006). 

1.5 Motivation for study 

1.5.1 Bellamya aeruginosa is an ecologically important representative of benthic macro- 

invertebrates in China 

Bellamya aeruginosa (Mollusca: Gastropoda: Prosobranchia, Viviparidae) belongs to a species-

rich genus of primarily sessile freshwater snails that is widely distributed across south and east Asia, 

India, North America and Africa (Schultheiss et al. 2011). They have a thick outer shell and a hard 

operculum flap covering the aperture (shell opening) providing a high degree of protection from predators 

and unfavorable environmental conditions, the height of the shell is up to 30 mm, with both sexes having 

identical shell dimensions. Adult snails have shells of greater height than width. The shells of newborn 

snails are 2.93 –3.70 mm long, and differ from those of adults by having greater width than height (Ma et 

al. 2010). Adult snails have an average wet weight of about 2.8 g, including the shell (Zhang et al. 2007). 

Bellamya aeruginosa is relatively common in China and has a wide distribution across the 

Yangtze and Yellow river systems. In particular, the large number of lakes in the Yangtze River system, 

specifically in the Jianghan plain, Dongting Lake plain, and Yangtze delta provide an optimal 

environment for B. aeruginosa (Gu et al. 2015). Within a preferred habitat, their population density can 

reach more than 400 individuals per square meter (Chen et al. 1975, Chen 1987). Due to the snail’s huge 

cumulative biomass within the sediment, B. aeruginosa is considered an ecologically important 

representative of benthic macro-invertebrates. 

Although B. aeruginosa is widely distributed, and it is also heavily harvested for human 

consumption. For example, the annual harvest in Lake Chaohu (775 km², average depth 2.7m) in 2002 

amounted to 28,084 tons (Chen et al. 2005). Over harvesting by humans likely contributes to the rapid 

decline of this snail species in the last two decades. For example, the snail population in Dianchi Lake has 

declined to 10% compared to the 1980s (Shen et al. 2015). On the other hand, these lakes that historically 

had abundant amounts of B. aeruginosa are now experiencing severe CHAB occurrences each year. The 
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relationship between the decline of this snail’s populations and the increase of CHABs has led to two 

hypotheses: 

1) Toxins released from the cyanobacteria may have a negative impact on the snail populations; 

2) Reduction of snail populations are mainly because of human harvesting, so that losing B. aeruginosa 

in the ecosystem will significantly reduce the grazing pressure on cyanobacteria, the results of which 

favours CHAB formation. 

Many studies showed high tolerance and rapid detoxification effects in gastropods that are 

exposed to toxins released from cyanobacteria (Lance et al. 2006, Zhu et al. 2011, Zhang et al. 2012), 

which does not support the first hypothesis. However, the second hypothesis has not yet been investigated 

through other studies, thus it is of particularly interested to understand the foraging relationship between 

B. aeruginosa and cyanobacteria.  

1.5.2 The suspension feeding mechanism in gill-breathing gastropods is not well understood 

In bivalve molluscs, suspension feeding became possible when the feeding palps around the 

mouth evolved to touch the ctenidia (Vogel and Gutmann 1980). This key evolutionary innovation turned 

the ctenidium into a filter which traps particles that would otherwise be rejected, forming what is 

commonly called a pseudofaeces. 

Suspension feeding has been identified in wide clades of gastropod (Declerck 1995), which 

suggests they can filter-feed pelagic algae similar to bivalves. However, the structures that allow 

suspension feeding in gastropods are different than those for bivalves. In gastropoda, the radula (grazing 

structure) and ctenidia (particle-filtering structure) are physically separated. This means even though the 

ctenidia of gastropods can capture planktonic algae, the snail may still be unable to use it as food (Ruppert 

et al. 2004).  Currently, the role of suspension feeding in gastropods is considered an alternative method 

for food acquisition that is solely exhibited in certain phases of their life history in order to meet their 

nutritional intake requirements (Navarro and Chaparro 2002). Alternatively, another study suggested that 

it could also be used as a mechanism to prevent the ctenidia from clogging, so that the snails would be 
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able to survive in environments that are high in suspended matter (Fretter and Graham 1962). However, 

our preliminary studies suggested that Bellamya aeruginosa are able to utilize suspension feeding to filter 

and graze Microcystis (Qu et al. 2010). Studies that assess the ability for gastropods to regulate algal 

abundance in ecosystems should be designed to address the suspension feeding mechanism of gill-

breathing gastropods and the conditions that affect the feeding and digestion efficiency of algae 

1.5.3 Studies that use gastropods to control harmful cyanobacteria received inconsistent or 

incoherent results 

Microcosm experiments are essential to study the grazing pressure of organisms on 

phytoplankton. However, related studies on the effect of gastropods on harmful cyanobacteria have shown 

inconsistent or incoherent results when compared across different scales of waterbody size. For example, 

lab experiments using Bellamya sp. to control Microcystis recorded initial decreases in the chlorophyll-a 

(Chl-a) concentrations of the water followed by subsequent increases over time (Zhou et al. 2012). Study 

in enclosed systems showed Chl-a concentrations did not change significantly after adding B. aeruginosa, 

however colonial green algae decreased, but cyanobacteria and flagellates increased over time (Zhu et al. 

2013a). Studies in ponds with the treatments containing B. aeruginosa showed total algal biomass and 

Chl-a were decreased (Han et al. 2010, Liu et al. 2010). These inconstant results indicate that microcosm 

experiments may exclude or distort important features of communities and ecosystems. It is possible that 

microcosm experiments are not representative of natural systems and strategies developed based on those 

findings might lead to wrong assumptions when applied to larger-scale experiments. Therefore, how can 

the microcosm system be improved so that it reveals the true interactions between gastropods and harmful 

cyanobacteria in natural conditions? 

1.5.4 Empirical studies suggest gastropods are effective in the control of CHABs in a reservoir 

In the last decade , My colleague and I have carried out a series of whole-lake CHABs control and 

prevention projects in eastern China, which is where many water bodies are highly eutrophic and have a 

high frequency of CHABs. In one reservoir, biomanipulation strategy involving the increase of the B. 

aeruginosa population were adopted. Results showed that CHABs were controlled and prevented within 2 
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years of application(Ren et al. 2012). The non-CHABs status was prolonged over 10 years and water 

quality significantly improved after the disappearance of CHABs. In addition, a relationship between the 

increased B. aeruginosa near the shoreline during spring (April - June) and a decline of cyanobacteria 

biomass during the same period were observed. These results and other observed phenomena suggested 

that B. aeruginosa may play an important role in the CHABs control process in this reservoir. However, 

the correlation did not lead to a causal relationship due to the limited understanding of B. aeruginosa 

feeding mechanisms and algae-foraging ability at that time. Through the study of the feeding mechanism 

of B. aeruginosa in lab conditions, is it possible to prove that B. aeruginosa leads to the decline of  

CHABs in this reservior? Since natural populations of B. aeruginosa are abundant in the Lower Yangtze 

region. If it can be revealed that key mechanisms and factors associated with B. aeruginosa lead to 

successful prevention, this snail could be used as a potential species for biomanipulation to control 

CHABs in this region. 

1.6 Objectives 

The overall goal of this dissertation is to study the suspension feeding mechanism of the 

freshwater benthic gastropod, Bellamya aeruginosa, in order to understand the impact of its feeding 

behaviour for different floating cyanobacteria and algae. In addition, the control efficiency of B. 

aeruginosa on Microcystis will be examined with the consideration of key abiotic factors associated with 

their natural habitat (sediment and turbidity level) in laboratory conditions to determine if B. aeruginosa 

can control harmful cyanobacteria. Lastly, a case study will be presented that successfully prevents 

CHABs occurrence through the increase of Bellamya populations within a water body. Detailed limnology 

data and observations will be presented to reveal the possible CHABs control and prevention process with 

this species. 

1.6.1 Scientific questions and objectives (1) 
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Does a suspension feeding mechanism exist in B. aeruginosa? How does this mechanism allow B. 

aeruginosa to graze on floating algae and cyanobacteria? What’s the impact of this feeding mechanism on 

planktonic algae and cyanobacteria? 

To answer these questions, in Chapter 2, we will examine the suspension feeding and grazing 

mechanism of a representative freshwater gastropod, Bellamya aeruginosa, to the most common bloom 

forming species, Microcystis aeruginosa, Anabaena variabilis, as well as the common Chlorophyta, 

Chlorella vulgaris within laboratory conditions. The specific objectives of this study are: 1) To identify if 

the suspension feeding mechanism is present in the freshwater gastropod, Bellamya aeruginosa; 2) To 

identify the filtering ability and selection preferences of suspension feeding towards different planktonic 

algae and cyanobacteria; 3) To estimate filtration rate and removal rate of colony-forming Microcystis 

through the suspension feeding process and to estimate the removal rate of colony-forming Microcystis 

through the digestion process; and 4) To investigate B. aeruginosa’s pseudofaeces, faeces and secondary 

digestion faeces structure and time of decomposition because the release of undigested algae from 

pseudofaeces or faeces may lead to a secondary blooms. 

1.6.2 Scientific questions and objectives (2) 

Why did other studies that investigated gastropods’ effects on phytoplankton show inconsistent, 

incoherent or contradictory results when compared across different scales of waterbody size? 

 Based on field observations as well as many years of laboratory experiments on freshwater 

gastropods, there appear to be four major limitations that may prevent traditional microcosm experiments 

from demonstrating the true interactions between gastropods and harmful cyanobacteria. 1) Laboratory 

cultured Microcystis has different morphological and ecological properties from those of natural 

populations. 2) Microcosm experimental systems cannot reflect the natural distribution of cyanobacteria 

and grazing species; 3) Turbidity is often neglected in microcosm experiments. 4) Sampling methods do 

not adequately measure the key pathways of cyanobacterial consumption and digestion.  
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In Chapter 3, I will address the limitations described above and consider modifications to 

overcome these limitations. I will present modification details, compare results between traditional 

microcosm systems and the modified microcosm systems, and use field observation data, when available, 

to evaluate the validity of the microcosm modifications. 

1.6.3 Scientific questions and objectives (3) 

If B. aeruginosa were able to graze on floating Microcystis through suspension feeding behaviour, 

what’s the actual control efficiency for Microcystis?  

In Chapter 4, I will estimate the control efficiency of B. aeruginosa on Microcystis aeruginosa 

using the microcosm experimental systems developed in Chapter 3. In addition, different sedimentation 

and turbidity levels will be used to test their impact on the algal control efficiency. Visual observation and 

improved sampling methods will be used to determine the potential role of sediment and turbidity in 

controlling CHABs. 

1.6.4 Scientific questions and objectives (4) 

Will Bellamya aeruginosa function as a potential bioremediation species to control CHABs? 

Over the last decades, a whole-lake biomanipulation experiment was conducted using B. 

aeruginosa to control CHABs. The results showed that CHABs were controlled and prevented within two 

years of application. To understand how B. aeruginosa leads to the decline of  CHABs in this reservior, in 

Chapter 4, limnological data before and after whole-lake biomanipulation will be presented that measures 

the effectiveness of this strategy. It includes analysis of key factors and conditions, including biomass and 

distribution dynamics of B.aeruginosa and cyanobacteria, and silt and turbidity levels. Based on these 

findings, plausible CHABs control and prevention processes in this reservoir are revealed and the impact 

of biomanipulation and hydrological measures are discussed.
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Chapter 2  

The feeding mechanism of the freshwater gastropod, Bellamya aeruginosa, 

and its direct impact to planktonic algae and cyanobacteria 

2.1 Introduction 

Gastropods are diverse and abundant in freshwater ecosystems (Strong et al. 2008), and an 

ecologically important representative of benthic macro-invertebrates. They are often considered as 

cornerstone species in freshwater ecosystems as they are low on the "food chain" while still providing an 

essential and foundational role to the ecosystem (Bracken and Low 2012). In particular, many gastropods 

are deposit feeders, ingesting sediment particles, organic detritus, algae and bacteria from the sediment or 

other substrates. Thus, they have a large effect on the biomass, productivity, and species composition of 

epiphytic organism and macrophyte communities (Marks and Lowe 1989, Atalah et al. 2007, Li et al. 

2008). Gastropods also influence energy flow and nutrient cycling through the ecosystem by transforming 

organic detritus from sediment storage into dissolved nutrients that can be mixed in overlying waters and 

used by phytoplankton and macrophytes to enhance primary productivity (Covich et al. 1999, Arango et 

al. 2009, Zheng et al. 2011).  

Despite the ability that gastropods have to reshape the ecosystem, extending beyond the surface 

of banks of a water body through deposit feeding, suspension feeding has been identified in various 

clades of gastropods as well (Declerck 1995). This suggests that they can filter-feed on planktonic algae 

and cyanobacteria (i.e. algae and cyanobacteria that are free floating in the water column) similarly to 

bivalves. However, there are limited studies on the impact of gastropods on planktonic algae and 

cyanobacteria. These limited studies are almost all based on indirect evidence or measurement of system 

phytoplankton biomass change, which often leads to inconsistent results. For example, in the presence of 

the gill-breathing gastropod, Pomacea canaliculata (Family Ampullariidae), with reported suspension 

feeding ability, Chl-a and phytoplankton biomass actually increased in the water column (Carlsson et al. 

2004). But similar studies using Bellamya aeruginosa (family Viviparidae), also with gill-breathing and 
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suspension feeding abilities, showed significant declines in phytoplankton biomass in the water column 

(Han et al. 2010, Liu et al. 2010, Olden et al. 2013),  

A possible reason why studies have shown such mixed results is the limited understanding of 

intricate differences in suspension feeding mechanisms between organisms. This is because the structures 

that allow for suspension feeding in gastropods are different from those in bivalves. In gill-breathing 

gastropods, the radula (grazing structures) and ctenidia (particle-filtering structures) are physically 

separated. That means that even though the ctenidia of the gastropod can capture planktonic algae and 

cyanobacteria, the snail may still be unable to ingest it as food (Ruppert et al. 2004). Furthermore, 

suspension feeding is considered an alternative mode of food acquisition that may be only exhibited in 

certain phases of their life history in order to meet their nutritional intake requirements (Navarro and 

Chaparro 2002). Another study also suggested that this mechanism is mainly developed to prevent their 

ctenidia from clogging up, so that they are able to survive in an environment of high suspended matter 

(Fretter and Graham 1962).  In order to better assess the ability for gastropods to regulate planktonic algae 

and cyanobacteria abundance in ecosystems, it is crucial that studies are designed to investigate their 

suspension feeding mechanism and the conditions that affect the filtration and ingestion efficiency of 

planktonic algae and cyanobacteria. 

Suspension feeding of gastropods may also impact phytoplankton composition. A previous study 

has shown that Cryptophyceae dominated phytoplankton communities in the presence of Pomacea 

canaliculata (Fang et al. 2010). In contrast, Zhu et al. (2013a) showed that in the presence of Bellamya 

aeruginosa, colonial green algae decreased over time whereas that of cyanobacteria and dinoflagellates 

increased. While Qu et al. (2010) showed that the suspension feeding of gastropod has little impact on 

Microcystis. Therefore, the effect of suspension feeding on phytoplankton composition still remains 

unknown. 

In this chapter, the suspension feeding behaviour and mechanism of a representative freshwater 

gastropod Bellamya aeruginosa is investigated using the most common bloom-forming cyanobacteria 
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species Microcystis aeruginosa, the cyanobacteria Anabaena variabilis, and the chlorophyte, Chlorella 

vulgaris, under laboratory conditions. The specific objectives of this chapter were: 1) To identify the 

suspension feeding mechanism of the freshwater gastropod, B. aeruginosa; 2) To identify the filtering 

ability and selection preferences of suspension feeding towards different planktonic algae and 

cyanobacteria; 3) To estimate filtration rate and percentage of colony-forming M. aeruginosa elimination 

through the suspension filtering process, and to estimate the percentage of colony-forming M. aeruginosa 

elimination through the digestive process. This chapter will also investigate the structure and 

decomposition time of B. aeruginosa’s pseudofaeces, faeces and secondary digestive faeces, the latter 

being the product of snails grazing on their own faeces. 

2.2 Materials and methods 

2.2.1 Experimental animal collection and maintenance  

Bellamya aeruginosa were collected from the shoreline of Dianshan Lake (31.093963º N, 

120.985338º E), Shanghai, China. Most of the snails were attached to the rocks and muddy benthic 

surfaces at the collection sites. The subtropical climate (water temperature 10 – 30ºC) and shallow nature 

of the lake (less than 3m deep) allowed the year-round collection of snails as needed for experimental use.  

The snail holding facilities at the School of Life Science, Fudan University, consisted of a 200-L 

aquarium, which were thermostatically set to 24 ºC and equipped with biological filters. Illumination of 

25 µmol · m-2 · s-1 over the aquarium was provided by fluorescent (cool white) light, which were set on a 

12:12 h light-dark cycle. Aeration was provided using air stones. A combined diet of Chlorella vulgaris 

(Chlorophyta) and fresh frozen daphnia were fed to the laboratory population of snails at approximate 16 

mg · snail-1 · day-1. 

2.2.2 Cyanobacteria and algae species collection and culture 

Four species of cyanobacteria and algae were cultured in laboratory conditions for this study. The 

unicellular Chlorophyta, Chlorella vulgaris, and Microcystis aeruginosa were purchased from the 

Freshwater Algae Culture Collection at the Institute of Hydrobiology (FACHB), Wuhan, China, and were 
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cultured in BG11 medium (Andersen 2005).  Colony-forming cyanobacteria, Microcystis aeruginosa, 

were collected and isolated from Dianshan Lake, Shanghai, China. The average colony size (measured 

greatest axial linear dimension) when collected was 944.72 ± 399 µm (mean ± SD, n = 100). After 

laboratory culture in MA culture medium (Huisman et al. 2005) for a month, the colony size reduced to 

583 ± 335 µm (mean ± SD, n = 100).  The chain-shaped colony-forming cyanobacteria, Anabaena 

variabilis, was collected and isolated from Dianshan Lake, Shanghai, China and cultured in BG11 

medium (Huisman et al. 2005). 

Serial stock cultures were grown in duplicate using autoclaved nutrient BG11 and MA medium 

for maintaining algae and cyanobacteria acquisitions. These cultures were used to inoculate 1-L large 

carboys and Erlenmeyer flasks that were maintained in a plant culture chamber (Leigu SPX-80-II) at 25 

ºC in a 14:10 h light-dark cycle with illumination of 25 µmol · m-2 · s-1.  

2.2.3 Suspension feeding behaviour of B. aeruginosa 

To observe suspension-feeding behaviour of B. aeruginosa, a specific experimental system that 

could prevent its grazing was designed and fabricated. This system includes a 100 mL transparent 

rectangular plastic box, the height of which fitted a stereoscope observation platform, and a tube 

sectioned from a 1.5 mL Eppendorf tube, adhering to the side of the box to provide an attaching post for 

stationing the snail. Bellamya aeruginosa was positioned in the orientation in which the snail’s aperture 

(opening) was facing up to accommodate continuous visual observations using a microscope (Figure 

A.1). The primary morphological features were observed under either a dissecting microscope (Nikon 

SMZ800, Japan) or a microscope (Nikon Eclipse 55I, Japan). Suspension feeding processes were 

recorded using an (iPhone 5s/6 camera, USA) under the lighting of an LED lamp (IKEA Jansjo, Sweden). 

During these observations, cultured cyanobacteria and algae were provided as food sources. 

2.2.4 Examination of suspension feeding ability of B. aeruginosa of different ages 

Experiments were performed to observe if the suspension feeding ability exists in different age 

groups of B. aeruginosa using the apparatus described in 2.3.3. The wet weight of B. aeruginosa was 
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weighted on an electronic balance (APX-200, Denver Instrument, USA). used ranged from 0.02 g (newly 

born) to 5.5 g (4 y of age).  

2.2.5 Observation of algal selection and filtering ability through suspension feeding 

Snails were transferred from their holding aquarium to a 1 L beaker with water from the same 

aquarium. They were then deprived of food for 48 h and faeces were routinely removed until no apparent 

defecation was observed. Actively moving snails were selected and anchored in the orientation as 

described in 2.3.3. Snails were then left to acclimate without disturbance for 30 min. Using a Hamilton 

syringe (250 µL) filled with unicellular cyanobacteria or algae, or using a 1mL syringe for colony-

forming M. aeruginosa, the cyanobacteria were dispensed near the snail’s siphon intake region. The 

snail’s apparatus generated a current that guides the food particles into the mantle cavity. Immediately 

after the completion of an inhalation by the snail, water samples were collected from the exhalant current 

using another Hamilton syringe and the algal or cyanobacterial content in the water sample and 

pseudofaeces were examined microscopically. 

2.2.6 Estimation of filtration rate and percentage of Microcystis elimination through suspension 

filtering process 

To determine the effective elimination of Microcystis through B. aeruginosa’s suspension 

filtering process, we used the experiment system design described in 2.3.3 at a larger scale. A 500 mL 

experimental system containing 300 mL of filtered lake water, and colony-forming M. aeruginosa were 

added to reach an initial Chl-a concentration of 150 µg · L-1 (equivalent to 3.5 x 106 cells · mL-1, see 

Figure A.3 for Chl-a and cell number conversion). One healthy snail that weighed approximate 2.6 g was 

transferred to each experimental tank. During the experiment, pseudofaeces were collected using plastic 

droppers and Hamilton syringes. The pseudofaeces samples were collected immediately upon their 

formation and were kept in 15 mL centrifuge tubes. This is because colony-forming M. aeruginosa in 

pseudofaeces generated by the snail could have been re-suspended in the water column. Caution was 

exercised to prevent B. aeruginosa from grazing the freshly produced pseudofaeces. To minimize growth 
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of M. aeruginosa, the experiments were limited to 4 h in which there was no significant increase in M. 

aeruginosa biomass in the control group (P > 0.05, n = 10). Water samples of 5 mL were taken at the start 

and end of the experiment (n = 4), respectively to quantify the amount of remaining free M. aeruginosa in 

each tank. Chl-a was measured in all water and pseudofaeces samples. 

Filtration rate (FR) was calculated based on that of Coughlan (1969):  

!" = $%('()(*(+,).$%('/()+,)
0 × 2

3      Eq. 2-1 

Where FR is the filtration rate (mL · gwwt
-1·h-1), V is the volume of water in the tank (L), W is the 

wet weight of snails per tank (g), Cinitial is the initial Chl-a concentration in the experiment tank (µg · L-1), 

Cfinal is the final Chl-a concentration at end of the experiment (µg · L-1), t is the total duration of the 

experiment (h). 

The percentage of suspended Microcystis (SM) was determined by measuring the Microcystis 

biomass before and after the experiment (calculated through Chl-a concentration times volume), it was 

calculated using the formula:  

45 = '()(*(+,×2()(*(+,.'/()+,×2/()+,
'()(*(+,×2()(*(+,

×100%     Eq. 2-2 

Where, Cinitial is the initial Chl-a concentration in the experiment tank (µg · L-1), Cfinal is the 

remaining Chl-a concentration in the system at end of the experiment (µg · L-1), Vinitial is the initial 

volume of water in the system (L), Vfinal is the final volume of water in the system. The final volume of 

water is different than initial volume because collecting pseudofaeces during the experiment may also 

take out certain amounts of water that would change the total volume of the system. 

A similar approach was used to estimate the percentage of Microcystis elimination (cell death) 

through suspension filtering (Rs): 

R: =
'()(*(+,×2()(*(+,.'/()+,×2/()+,.;<=×>?@

'()(*(+,×2()(*(+,.'/()+,×2/()+,
×100%    Eq. 2-3 

Where Cinitial is the initial Chl-a concentration in the experiment tank (µg · L-1), Cfinal is the 

remaining Chl-a concentration in the system at end of the experiment (µg · L-1), Cps is the Chl-a 
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concentration of collected pseudofaeces (µg · L-1), Vinitial is the initial volume of water in the system (L), 

Vfinal is the final water volume in the system, and Vps is the volume of collected pseudofaeces (L). 

2.2.7 Estimation the percentage of Microcystis elimination through grazing process 

To determine the effective Microcystis elimination through B. aeruginosa’s digestive process, a 

novel experimental system was set up to allow suspension feeding of the cyanobacteria without secondary 

ingestion, i.e. grazing on their own faeces, by B. aeruginosa. The system consisted of two tubes, which 

were used one after the other during the experiment (Figure A.2). Tube A has a partition made with nylon 

nets framed with stainless steel wire to fit snugly into the experimental tube. The nylon net used had 

average mesh size of 0.5 cm. The partitions were set at approximate 1/3 of the tube height from the 

bottom. This screen partition restricted B. aeruginosa’s vertical movement towards the bottom of the tube 

while allowing it to move to the surface and suspension feed or directly graze on colony-forming 

Microcystis effectively. Tube B has two of the same nylon partitions as Tube A, but set up at both 2/5 and 

4/5 the height of the tube. Snails were placed in between these nylon partitions because faeces contain 

colony-forming Microcystis may float or sink, and these two partitions limit B. aeruginosa’s movement in 

order to prevent it from grazing of its own faeces through secondary ingestion. 

Each tube contained 200 mL of filtered lake water. Colony-forming M. aeruginosa (Chl-a 

concentration 160 µg · L-1, equivalent to 3.5 x 106 cells · mL-1) were added to tube A followed by one 2.6 

g snail. After 4 h, B. aeruginosa was removed and placed in Tube B for an additional 12 h to collect the 

faeces.  A dropper was used to remove faeces every hr from Tube B and the faeces were transferred to a 

clean 15mL centrifuge tube. A water sample of 5 mL was taken at the start and end of the initial 4 h’ 

exposure to M. aeruginosa in order to estimate the concentration of the remaining free cyanobacteria. 

Chl-a was also measured from all water and faeces samples. 

Similar to the suspension experiments, the percentage of grazed Microcystis (GM) was calculated 

as following: 

A5 = '()(*(+,B+×2()(*(+,B+.'/()+,B+×2/()+,B+
'()(*(+,B+×2()(*(+,B+

×100%    Eq. 2-4 
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Where Cinitial-a is the initial Chl-a concentration in the experimental tube A (µg · L-1), Cfinal-a is the 

remaining Chl-a concentration in tube A after the experiment (µg · L-1), Vinitial-a is the initial volume of 

water in tube A (L), Vfinal-a is the final volume of the water in tube A; The final volume of water is 

different than initial volume because collecting faeces during the experiment may also take out a certain 

amount of water and would change the total volume of the system. 

Percentage of Microcystis elimination (cell death) through grazing (Rg) is calculated through the 

formula: 

"C =
'()(*(+,B+×2()(*(+,B+.'/()+,B+×2/()+,B+.'/×D/.'/()+,BE×D/()+,BE

'()(*(+,B+×2()(*(+,B+.'/()+,BE×2/()+,BE
×100% Eq. 2-5 

Where Cinitial-a is the initial Chl-a concentration in the experimental tube A (µg · L-1), Cfinal-a is the 

remaining Chl-a concentration in the system at end of the experiment (µg · L-1), Cf is the Chl-a 

concentration of collected faeces (µg · L-1), Cfinal-b is the Chl-a concentration in experimental tube B at the 

end of the experiment (µg · L-1), Vinitial-a is the initial volume of water in tube A (L), Vfinal-a is the final 

volume of the water in tube A, Vf is the volume of collected pseudofaeces (L), and Vfinal-b is the volume of 

the water in tube B (L). 

2.2.8 Estimation of pseudofaeces decomposition time  

To determine the decomposition time of pseudofaeces containing different cyanobacteria and 

algae under non-turbulent and turbulent conditions, the shells of B. aeruginosa were cleaned with a soft 

brush to be free of algae and cyanobacteria. They were then transferred from their culturing aquarium to 1 

L beakers where they were deprived of food for 48 h with faeces removal until the defecation ceased.  

The experiments were performed essentially as described above in section 2.3.5, but with different 

cultured cyanobacteria and algae as suspension particles. Pseudofaeces were collected with a forceps and 

dropper and transferred into wells of a 12-well strip plate (Corning brand, USA) each containing MA 

medium that submerged the pseudofaeces completely. They were immediately examined using 

stereomicroscopy. If they were damaged in any way, pseudofaeces samples were discarded. Once intact 

pseudofaeces were selected, plates were sealed with a cover to prevent water evaporation and placed in a 
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growth incubator as described above. To simulate natural turbulent conditions, plates were placed in an 

orbital shaker at 60 RPM over the experiment period. The pseudofaeces samples were examined under a 

microscope every 20 min for the first 6 h, then every hour during the day and every 2 h during the night 

period to record decomposition status based on the following defined categories for a total of 120 h 

(Table 2-2 for definition of each decomposition stage, Figure 2-1 for sample pictures of each 

decomposition stage). 

2.2.9 Estimation of faeces decomposition time  

Experiments were performed to determine the decomposition time of B. aeruginosa faeces in a 

similar manner to that of pseudofaeces described above, except that faeces were collected and examined 

for their loss of integrity. Faeces decomposition status was defined based on the stages described in Table 

2-3, and depicted in Figure 2-2. 

2.2.10 Estimation of secondary ingestion faeces decomposition time  

Secondary ingestion faeces are defined as faeces discharged from B. aeruginosa after they 

ingested their own faeces or faeces produced by other snails. Experiments were performed as described in 

2.3.8 and 2.3.9 except that snails were fed with faeces containing different cyanobacteria and algae as 

their food.  

2.2.11 Sample processing and calculations 

Chl-a measurement: Water samples were filtered with Whatman GF/F Glass Microfiber Filters 

(Whatman, United Kingdom) and Chl-a was measured through a spectrophotometry method, protocol 

ISO 10260:1992 / SL88-2012. (Minstry of Environmental Protection of the People’s Republic of China 

and The Water and Wastewater Monitoring Analysis Method Editorial Board 2002). 

2.2.12 Still and time-lapse photography 

Four systems were used in this study for still and time-lapse photography. 

System 1: Photographs were taken using the microscope (Nikon Eclipse 55I, Japan) equipped 

with a CCD camera system (Nikon digital DS-U1, Japan). Nikon act-2u software was used for picture 
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capture and correcting. Quick Macros 2.4.2 (© Gintaras Didžgalvis) was used to enable time-lapse 

control.  

System 2: Photographs were taken using microscope (Leica Diaplan, Germany) equipped with 

camera (Canon 40D DSLR, Japan), Canon EOS utility 3 was used to enable time-lapse control. 

System 3: Photographs were taken using iPhone 4s/5/5s/6, “Lapse it Pro” app (© Interactive 

Universe) was used to enable time-lapse photographic recording. 

System 4: Photographs were taken using Cameras (Gopro Hero 3/3+, USA), close-up lens 

(generic) were used to increase the resolution, the Gopro camera has the built-in function to enable time-

lapse recording.  

2.2.13 Statistical analysis 

Wet weight of individuals and faeces data were analyzed. Student t-tests were used for 

comparisons between treatments in R version 3.2.1. Significance is denoted (P < 0.05) unless otherwise 

indicated. Datagraph 4.1 (© Visual Data Tools, Inc.) was used to produce Box-whisker Plots. 

2.3 Results 

2.3.1 Anatomical structure related to suspension feeding 

Detailed images of the anatomy of B. aeruginosa are provided in Figure 2-3.  

Nuchal lobe: Lateral to the tentacles (ct), the two sides of the neck each bear a thin flap of tissue, 

called the nuchal lobe. It can be rolled into an extendible tube, or siphon. The left nuchal lobe, i.e. the 

inhalant siphon (nl-l) is a triangular crest-like tissue, that functions as a deflector of incoming current to 

bring respiratory water into the left side of the mantle cavity that flows over the ctenidium (c) (Figure 2-3 

B). The right lobe (exhalant siphon, nl-r) is much larger than the left, forming a more noticeable larger 

tube from which the respiratory current exits the mantle cavity (Figure 2-3 A).  When the snail is fully 

extended, as shown on Figure 2-3 C, the right lobe is displaced from the edge of the mantle cavity (mt) 

and the siphon function is incomplete. 
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Ctenidium (c): The ctenidium is on the left side of the roof of the mantle cavity. It consists of a 

wide longitudinal central axis from which numerous ciliated filaments extend to the right. The filaments 

are unusually long and slender and attach to the mantle roof along the central axis from which their free 

ends extend far to the right of the mantle cavity.  The filaments lack ciliary junctions so that they easily 

become displaced or separated from each other (Figure 2-3 D).   

Feeding groove complex: The feeding groove complex transfers captured algae at the gill to the 

mouth (m). The complex consists of two structures: the food groove (fg) and the cephalic food groove 

(fg-e). The food groove begins in the posterior most apex of the mantle cavity and extends anteriorly to 

the right side of the cavity to end between the right nuchal lobe and the right tentacle. It is bound between 

the left (or top) high fold (Figure 2-3 E, dashed line) and the parallel right (or bottom) smaller, low ridge 

that is closer to the body (Figure 2-3 E, dotted line). Anteriorly, the ridge on the right of the groove meets 

the posterior edge of the right nuchal lobe and continues towards the right tentacle, while the fold of the 

groove merges into the base of the right tentacle. Between the right nuchal lobe and mouth is an 

additional low, thin ridge of tissue that forms a “projection” under the right tentacle.  It curves around the 

outside of the base of the right tentacle and ends just posterior to the mouth. This is the cephalic food 

groove (fg-e) (Figure 2-3 F, dotted line). 

2.3.2 Suspension feeding mechanism of B. aeruginosa on suspended particles or planktonic algae  

Filtering: After B. aeruginosa opens its operculum, it filters water and planktonic algae or 

cyanobacteria that is carried through the current into its mantle. The high fold of the feeding groove 

complex is attached to the edge of the ctenidium to separate the inhalant and exhalant cavity. Respiratory 

current enters the mantle cavity through the inhalant siphon in the left (IC), then passes posteriorly in the 

left side of the mantle cavity and flows across and between the gill filaments to the right side of the 

mantle cavity (EC), exiting through the exhalant siphon. During this process, suspended food particles are 

caught on the gill filaments, mixed with mucus on the gill and carried to the free tips of the filaments 

(Figure 2-3 G). 
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Transport to food groove complex: Since there is a high density of mucous gland cells on the 

epithelium of the fold of the food groove, particles mixed with mucus that drop onto the back of the food 

groove will be wrapped with additional mucus and carried over the fold of the food groove into the 

groove channel (Figure 2-3 H). 

Compression, rotation and rolling movements at the food groove:  Once in the groove, 

particles and mucus are moved anteriorly by its ciliated epithelium. Particles mixed with mucus are 

rotated in the groove channel (Figure 2-3 I). Furthermore, the ridge (Figure 2-3 E dotted line, not visible 

in Figure 2-3 G) and the high fold (Figure 2-3 E dashed line and Figure 2-1 G) function together as a 

compressor. Thus, the food cord is also compressed in the food groove channel. 

Compression at cephalic food groove: A mucous string with entrapped food particles (i.e. 

pseudofaeces) moves anteriorly into the cephalic food groove that narrows and further compresses the 

food cord (Figure 2-3 I).  

Food storage and ingestion: The cephalic food groove curves around the outside of the base of 

the right tentacle and ends just posterior to the mouth where it can function as temporary food storage. 

The cephalic food groove can temporarily hold the food containing mucous string, which can then be 

taken into the mouth (Figure 2-3 J). 

2.3.3 Suspension feeding ability exists in all age groups 

Different sizes of B. aeruginosa were tested to see if suspension feeding ability were used for 

food acquisition. The results showed that suspension feeding behaviour exists in all B. aeruginosa age 

groups, including the new born B. aeruginosa (2.2mm, weigh ~ 0.02g). 

2.3.4 Food selection and filtering ability through suspension feeding  

We used four different cyanobacteria and algae species (i.e. unicellular Microcystis aeruginosa, 

colony–forming Microcystis aeruginosa, Anabaena variabilis, Chlorella vulgaris, cell or colony size 

range 3 – 800 µm) as food to observe food selection and filtering ability of B. aeruginosa. After the food 

was introduced into the inhaling siphon with a Hamilton syringe, food cords (pseudofaeces) were released 
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from the food groove complex. The whole process from intake to food cord release took 1 to 3 minutes, 

and there were no significant differences (P > 0.05, n = 50) in this processing time between the different 

cyanobacteria and algae species provided. Microscopic observations of exhalant current samples did not 

reveal the presence of any cells or colony. This suggests that all free cyanobacteria and algae in the water 

body can be effectively captured through this filtering process regarding is size and configurations 

(unicellular, filamentous, or irregularly shaped colonies). 

The behaviour of grazing on pseudofaeces was found in B. aeruginosa regardless of the type of 

four organisms tested as food. When food cords were transported to the cephalic food groove, B. 

aeruginosa moved its snout and used its radula to ingest the pseudofaeces. Additional experiments using 

pre-collected pseudofaeces as food sources showed similar results (data not shown), indicating that this is 

a suitable food source for the snails.  

Faeces were released from B. aeruginosa 6 to 12 h post grazing of pseudofaeces. The snails also 

grazed on the faeces produced by themselves, and the subsequent faeces produced are termed “secondary 

digestion faeces”. 

2.3.5 Filtration rate and percentage of Microcystis elimination through the suspension filtering 

process 

The amount of suspended food in the form of free M. aeruginosa was dramatically decreased by 

the snail’s filtering process. The filtration rate (FR) of B. aeruginosa measured 43.7 ± 22.1 mL· gwwt
-1

 · h-1 

(mean ± SD, n =14) when provided with unicellular M. aeruginosa. However, when provided with 

colony-forming M. aeruginosa, FR reduced to 19.0 ± 15.9 ml· gwwt
-1

 · h-1 (mean ± SD, n = 14). 

After a 4 h period, 24.6 ± 14.0 % of free colony-forming M. aeruginosa were removed from the 

water column (mean ± SD, n = 14). However, the Microcystis eliminated through cell death, presumably 

by mucus through the suspension filtering process (Rs), was calculated to be only 2.1 ± 0.9 % of the 

filtered M. aeruginosa (Figure 2-4 A).  

2.3.6 Microcystis elimination through the grazing process 
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The grazing experiment showed that the percentage of Microcystis grazed (GM) was 8.3 ± 3.2 % 

(mean ± SD, n = 14) within 4 h. However, the percentage of elimination through grazing (Rg) was only 

18.0 ± 5.4 % (mean ± SD, n = 14) of the grazed M. aeruginosa. Furthermore, with increases in grazing 

rate, elimination percentage showed a linear decrease. (Figure 2-4 B). 

2.3.7 Structure, pattern and rapidity of decomposition of pseudofaeces 

Pseudofaeces are usually found in a rope-like shape, in which their contents are a mixture of 

trapped suspended food particles such as cyanobacteria and algae mixed with mucilage, and the outer 

layer is smooth and non-reflective. The colour of pseudofaeces reflects the colour of its contents (Figure 

2-5 and Table 2-5). Most pseudofaeces are heavier than water and thus sink into the benthic zone. 

However, pseudofaeces containing unicellular or colony-forming Microcystis are the exception, as they 

may float to the surface depending on the amount of this cyanobacteria present. 

When pseudofaeces are released from B. aeruginosa and enter the water body, the outside 

mucilage layer comes in contact with water and slowly dissolves and thus loses its cohesive nature. In 

time, the structure becomes loose and the outer layer of particle contents begins to leak. This progresses 

until there is full decomposition (Figure 2-6). 

Pseudofaeces containing different cyanobacteria and algae showed very different decomposition 

times under non-turbulent conditions. Those containing bloom-forming and unicellular Microcystis 

decomposed significantly faster than other cyanobacteria and algae. The median time for bloom-forming 

Microcystis and unicellular Microcystis to decompose completely (reach Stage 5) was 17 h and 14.5 h 

respectively (Figure 2-7 A, C). On the other hand, most pseudofaeces containing the algae C. vulgaris did 

not decompose completely (i.e. entering Stage 4 or Stage 5), with the median time to stage 4 exceeding 

the total experimental duration of 120 h (Figure 2-7 E).  Decomposition of A. variabilis containing 

pseudofaeces reached Stage 2 with the median time of 114 h, with none of them entering Stage 3 within 

120 h of experimental period (Figure 2-7 G). 
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When turbulence is introduced to simulate natural conditions, the time for decomposition of 

pseudofaeces was significantly reduced compared to non-turbulent treatments (Figure 2-7 B, D, F, H). For 

example, the average time to enter each stage of decomposition for pseudofaeces containing colony-

forming or unicellular Microcystis were approximately one third of that for the non-turbulent conditions 

(Figure 2-7 B, D). Pseudofaeces containing C. vulgaris also had more rapid decomposition under 

turbulent condition, but still required significantly longer time than for Microcystis (Figure 2-7 F). 

Anabaena variabilis still had very long decomposition times with turbulence and did not reach stage 4 

within 120 h of experimental time (Figure 2-7 H). 

2.3.8 Structure, pattern and rapidity of decomposition of faeces 

Bellamya aeruginosa faeces are fusiform in shape with a thick outside mucilage layer that 

encapsulates the content. Faeces are linked through thin sections of mucilage thus forming chain-shaped 

groups.  The mucilage layer is transparent and faeces containing undigested algae and cyanobacteria show 

the color of the live organisms through the transparent mucilage (Figure 2-8 and Table 2-5). Most faeces 

are heavier than water and thus sink into the benthic zone, but faeces containing unicellular or colony-

forming M. aeruginosa are the exception. These cells float to the upper water column or surface, if the 

content of M. aeruginosa in the pseudofaeces is high enough.  

When faeces were released from B. aeruginosa and enter the water body, the outer layer is in 

contact with the water and starts to decompose. Eventually, faeces content would be leaking from the 

rupture points and the whole faeces would disintegrate (Figure 2-9). 

A rapid ‘explosion’ occurred only in faeces containing colony-forming Microcystis (Figure 2-10).  

This process usually takes less than 20 min to complete decompose from Stage 1 to Stage 5 under non-

turbulent conditions, and only takes 2 min in turbulent conditions.  

Similar to pseudofaeces, faeces containing bloom-forming and unicellular Microcystis had a 

significantly shorter decomposition time than those of other cyanobacteria and algae. Under non-turbulent 

conditions, faeces containing colony-forming Microcystis showed faster decomposition than the 
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unicellular Microcystis (Figure 2-11 A, C).  Faeces containing A. variabilis required an average 109 h to 

completely decompose (Figure 2-11 E). Those with C. vulgaris were extremely stable remaining intact 

after 120 h. Similar patterns were also found in pseudofaeces under turbulent conditions. Microcystis 

decomposition was reduced to half the required time regardless of their morphological forms. For 

example, the medium decomposition time was decreased from 6.5 to 3 h in colony-forming M. 

aeruginosa, while it went from 20 to 10 h in the unicellular form. On the other hand, turbulence slightly 

reduced the time needed for faeces containing A. variabilis or C. vulgaris to decompose. It is worth noting 

that for faeces containing C. vulgaris, none of the faeces decomposed completely by the end of the 

experiment (120 h) (Figure 2-11 F).  

2.3.9 Secondary ingestion faeces structure and speed of decomposition 

The structure of secondary faeces in B. aeruginosa is similar to their primary faeces, they are 

fusiform in shape and having a mucilageous surface layer.  However, the content of secondary faeces is 

less dense than the first digestion faeces and translucent in colour (see Figure 2-12). 

The decomposition time for secondary faeces was significantly slower than primary faeces 

(P<0.05, n=50). Under non-turbulent conditions, none of the secondary faeces were structurally altered 

within 120 h. Even under turbulent conditions, only faeces containing Microcystis had some minor 

breakage, but the overall structure remained intact (see Table 2-5). 

2.4 Discussion 

2.4.1 Suspension feeding ability of B. aeruginosa  

Gastropods show extraordinarily diverse feeding patterns as a result of their adaptations to 

different food sources. There are three major buccal structures and associated feeding mechanisms: 1) 

Radula and abrasive teeth (cutting, scraping and drilling harpoon); 2) Proboscis (suctioning and boring); 

and 3) Gills (filter-feeding of suspended particles) (Steneck and Watling 1982). In several recent studies 

on gill-breathing gastropods, the snails were considered mainly as benthic feeders since they ingest 



33 

 

particles and organic detritus, algae and bacteria within the sediment or other substrates with their radula, 

abrasive teeth or proboscis (Reavell 1980, Tamburi and Martin 2009, Xiaojiao; et al. 2013) . 

On the other hand, suspension feeding has been identified in various clades of gastropods that 

breath through their gills (Declerck 1995). Although suspension feeding behavior in gastropods has been 

reported for over a hundred years (Orton 1912), unlike in bivalves, limited publications could be found in 

merely 37 species, most of which were on marine species (Fenchel et al. 1975, Declerck 1995, Navarro 

and Chaparro 2002). Among these publications, the suspension feeding mechanisms and their ecological 

importance were rarely discussed. 

In a previous study, it was confirmed that B. aeruginosa exhibits a suspension feeding ability (Qu 

et al. 2010). Subsequently, Olden et al. (2013) revealed that Bellamya chinensis may display an 

ontogenetic shift in feeding behavior from primarily radula grazing to filter-feeding with increasing size 

greater than 43.5 mm. However, Olden’s study was based on indirect measurements of system algal 

biomass changes, while in this chapter, we observed suspension feeding behaviour directly in all age 

groups. In addition, a similar process was also observed when using Viviparus georgianus, a gill-

breathing gastropod native to the St. Lawrence River of Canada (unpublished data). The study of two 

different species in different countries suggested that the process could be ubiquitous and may exist in 

other gill-breathing freshwater gastropods as well. 

2.4.2 Function of suspension feeding in food acquisition  

It is hypothesized that suspension feeding was derived from a gill cleaning mechanisms (Fretter 

and Graham 1962, Hedgpeth 1966, Johnson 1972, Hughes 1986), and is not considered a major food 

acquisition method (Navarro and Chaparro 2002). Comparative anatomy has also shown that the 

suspension feeding mechanism of gastropods is different than that of bivalve molluscs. In bivalve 

molluscs, feeding palps around the mouth are attached to the ctenidia. Thus, they can sort and trap 

particles at the ctenidia, which they can then ingest through their buccal structure directly (Ruppert et al. 

2004). In gastropods, the digestive system is physically separated from the respiratory system. Even if the 
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ctenidium functions as a filter, all captured food particles must be transported by passing through the 

filtering gill structures, and then brought to the site of ingestion which is located on the outside of the 

mantle cavity. The radula cannot sort the captured particles (Labarbera 1984, Declerck 1995), therefore it 

is deemed as an inefficient mode of ingestion of food acquisition.  

Here, it is proposed that suspension feeding is one of the major feeding strategies for B. 

aeruginosa. If so, modified ctenidium along with a full set of complementary organs should exist in B. 

aeruginosa to accommodate the function in food capturing and feeding processes. 

The food groove complex in other gill-breathing gastropods has been reported by other studies to 

facilitate the transportation of trapped particles to the mouth (Cook 1949, Kamimura and Tsuchiya 2004). 

In the present study, a novel experimental system is employed to examine B. aeruginosa’s suspension 

filtering process under natural conditions without anesthetizing the animal. Visual observations and close-

up photographic images validate that the groove complex structure reported in other gastropod studies is 

also presents in B. aeruginosa. This is the first report to describe the detailed suspension feeding process 

in B. aeruginosa, which consists of transporting, rotating and rolling, compressing, and storing of the 

suspended particles. The food groove complex is a key structure to allow this process to occur (Figure 

2-3): 

Transporting: Particles in the respiring water current upon reaching the ctenidium are 

incorporated into mucus and transported through the food groove channel out of the mantle cavity. 

Rotating & rolling: Particles mixed with mucus are rotated in the groove channel by the 

movement of folds and ridges, and become compacted layer by layer. 

Compressing: The first round of compressing occurs at the food groove channel by the movement 

of folds and ridges. The second round of compressing occurs when the food cord passes from the food 

groove to the cephalic food groove where the narrow space volume will further compress the food cord. 

Storing food: The cephalic food groove curves around the outside of the base of the right tentacle 

and ends just posterior to the mouth. This structure serves the function of temporary food storage. 
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The complexity of this series of morphological structures observed in the snails served the 

function beyond that which was once believed to be only secondary to simply protecting gills as a 

filtering respiratory surface. To the contrary, it suggests that suspension feeding in B. aeruginosa is more 

likely to be an important alternative feeding strategy.  

Furthermore, these observations showed that suspension feeding is very effective when B. 

aeruginosa lives in a highly disturbed or fast-moving water body. In these conditions, where the snails 

protect themselves by only opening their opercula to merely 3 - 5 mm wide to minimize their 

vulnerability to predation. In addition, this feeding strategy allows them to minimize their energy 

expenditure by not engaging in active foraging activities, while still allowing effective food capturing 

from the water column (unpublished data). We suspect that this could very well be an adaptive feature 

allowing B. aeruginosa to be widely distributed in many rapid flowing watersheds, for example in the 

Xiang River with a maximum flow speed about 3.15 m · s-1 (Liu and Hu 2006). 

2.4.3  Pseudofaeces formation and suspension filtering efficiency 

Pseudofaeces are commonly accredited in filter-feeding bivalve mollusks or gastropods for the 

removal of unwanted particles (e.g. grit) during filter feeding processes; these particles are subsequently 

rejected through the exhalant siphon and termed pseudofaeces. However, the process of pseudofaeces 

formation and contents are slightly different between bivalve and gastropods. 

A general pseudofaeces forming process in bivalve mollusks can be described as follows. 

Particles are captured at the ctenidium and kneaded with mucus, they are then transported by ciliary 

currents from the demibranch (half-gills) to the mouth. Palps on each side of the mouth, composed of an 

array of ciliated ridges and grooves, form a ciliary sorting field where a string of mucus and food particles 

from the gills passes through in route to the mouth. When particles move across the palp sorting field, 

they are sorted by both density and size. The smaller and lighter particles, such as phytoplankton are 

carried to the mouth using ciliary currents, while inedible particles, or those too large to be ingested are 

dropped off from the edges of the palp into the inhalant chamber. The unwanted particles are periodically 
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ejected (usually through the inhalant siphon or aperture) by contractions of the adductor muscles, which 

"clap" the shells together, pushing most of the water out of the mantle cavity and forcibly ejecting these 

particles in the pseudofaeces (Ruppert et al. 2004). 

The observation showed that the process of pseudofaeces formation is slightly different in B. 

aeruginosa from that of bivalves. Firstly, since B. aeruginosa’s mouth is located outside of the mantle 

cavity, the particles mixed with mucilage will be carried out of the mantle cavity first (i.e. released to the 

waterbody) and become pseudofaeces. If the pseudofaeces is not grazed by the snail, it will be pushed to 

the water column by the subsequent pseudofaeces. It was also found that in some conditions such as rapid 

flowing water or when pseudofaeces contain floating phytoplankton (e.g. Microcystis), the pseudofaeces 

will be released to the surrounding water directly and B. aeruginosa will not be able to graze them. 

Secondly, B. aeruginosa has no particle sorting ability with respect to pseudofaeces, so they are either 

rejected or grazed in their entirety by the snail. 

Through the suspension filtering process, B. aeruginosa removes suspended matter, including 

cyanobacteria and algae, from the water column and converts them to pseudofaeces. This consequently 

increases the water clarity. This phenomenon is often observed in water bodies containing high densities 

of B. aeruginosa  (Li et al. 2008, Han et al. 2010, Zhou et al. 2012, Zhu et al. 2013a). The results of the 

current study showed that the suspension filtering process is a passive responsive process with no specific 

particle preferences. 

Filtration rate (FR) reflect the volume of water that passes through the ctenidia of the gastropod at 

a given time interval, and it is often used to represent the total particulate matter (or cells) removed from 

the water per unit time (Velasco and Navarro 2002, 2005). Higher FR generally means higher capacity to 

remove suspended particles from the water body given the same time. However, results showed that FR is 

not a proper parameter to indicate suspension filtering efficiency. The average filtration rate of B. 

aeruginosa was 113.6 ± 57.5 ml· ind-1
 · h-1 (mean ± SD, n = 4) when provided with evenly-distributed 

unicellular cyanobacteria, M. aeruginosa. Similar results were obtained using Bellamya chinensis by 
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Olden et al. (2013). Although it’s filtration rate is lower compared with Corbicula fluminea (347 - 490 

ml· ind-1
 · h-1), the commonly high-efficiency filter-feeding benthic bivalve in this region (Way et al. 

1990, Silverman et al. 1997). However, the suspension feeding process in C. fluminea showed selective 

feeding ability (Boltovskoy et al. 1995) and reject Microcystis back to water body directly, thus the 

density of Microcystis in the system was not reduced (unpublished data). On the contrary, suspension 

feeding in B. aeruginosa is a passive responsive process with no specific algae preferences, thus all 

planktonic algae and cyanobacteria will be filtered and wrapped in the pseudofaeces. In addition, when 

we used colony-forming M. aeruginosa, FR dropped to 19.0 ± 15.9 mL· gwwt
-1

 · h-1 (mean ± SD). 

However, the volume of water that passes through the ctenidia did not change significantly (unpublished 

data), and the decrease in FR is likely due to the nature of uneven distribution of colony-forming 

Microcystis in the water column, which reduced the amount of M. aeruginosa being captured through 

filtration regardless of whether they are unicellular or in colonies. In this case, FR may cause confusion 

and new parameter is needed to better represent the suspension feeding efficiency for gill-breathing 

gastropods.  

2.4.4 Grazing of pseudofaeces and faeces in B. aeruginosa  

Bivalves have the ability to regulate filtration and select particles based on their size, shape, 

nutritive value or chemical component on the surface of the particle (Hughes 1990, Ruppert et al. 2004).  

However, little is known about the selection or preferences for pseudofaeces of gastropods. Previous 

studies have mainly focused on the selective feeding in gastropods through radula grazing 

(Stanczykowska et al. 1972, Jakubik 2009). In this study, four different species of planktonic 

cyanobacteria and algae were tested as food. Bellamya aeruginosa showed grazing behavior on all 

pseudofaeces containing these species with no apparent content preferences.  

Furthermore, it was discovered that B. aeruginosa will not only graze on pseudofaeces, but also 

graze on their own faeces repeatedly. This could be because the faeces contains undigested cyanobacteria 

and algae, thus grazing on these faeces may still allow the snails to extract the remaining residual nutrient. 
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2.4.5 Impact of suspension filtering by B. aeruginosa and grazing of pseudofaeces containing 

Microcystis  

The mantle cavity and gills of B. aeruginosa are protected by a ciliated, mucus-producing 

epithelium. There are many mucous cells on the epithelium and their distribution, density and shape are 

closely related to cellular functions (Hu-shan et al. 2002). The mucus at the gills not only prevents the 

particles from congesting the ctenidial filter, but also contains many active components that provide an 

initial physical trap and barrier to prevent colonization of pathogens and bacteria, one that is, at present, 

less understood with respect to its role in defense at present (Brun et al. 2000, Vieira et al. 2004). Results 

showed that there was no significant difference between the biomass of M. aeruginosa before and after 

being converted to pseudofaeces by B. aeruginosa (Figure 2-4 A), indicating that these cyanobacteria can 

survive the suspension filtering processes and are not affected by the mucus. 

Bellamya aeruginosa also showed low digestive efficiency on M. aeruginosa. Over 80 % of the 

free Microcystis or pseudofaeces containing Microcystis survived after being ingested by B. aeruginosa. 

Furthermore, the Microcystis elimination percentage decreased with an increase in grazing rate (Figure 

2-4 B). Observations of faeces showed a high density of undigested M. aeruginosa still in colony form. 

Similar results were also found when colony-forming Microcystis were consumed by filter-feeding fish, 

Hypophthalmichthys molitrix, whose digestive systems did not cause fatal damage to this cyanobacteria 

(Wang et al. 2014). This low digestive ability by the fish was confirmed through the low transformation 

and utilization of the stable isotope, δ 15N in M. aeruginosa (Han et al. 2010) . On the other hand, when 

using the chain-shaped colony-forming cyanobacteria, Anabaena variabilis, and the unicellular 

Chlorophyta, Chlorella vulgaris for the experiment, the algae which survived was 3 % and 15 %, 

respectively (unpublished data). 

The low digestion of Microcystis may be due to the lack of certain enzymes in the digestive 

system to break down Microcystis mucilage. Many strains of Microcystis have thick mucilage to help 

them survive through digestive systems (Reynolds 2007). The mucilage is mainly composed of microbial 

extracellular polymeric substances (EPS) which are produced via a number of processes including 
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excretion, secretion, sorption and cell lysis, among others. They are a heterogeneous mix of polymers and 

primarily consist of proteins, carbohydrates, humic substances and other biological macromolecules (Xu 

et al. 2013). The colony-forming M. aeruginosa strain used in this study has a thick layer of mucilage, 

currently there is no scientific literature reporting on the digestive enzymes of B. aeruginosa to EPS, but 

Bitterlich (1985) reported that lysozyme and cellulase enzymes are not present in stomachless filter 

feeders, silver carp (Hypophthalmichthys molitrix) and bighead carp (Hypophthalmichthys nobilis). This 

study suggests that these enzymes might be also missing in B. aeruginosa. In addition, when the 

mucilage-free cyanobacteria A. variabilis was used in the experiments, greater than 95% of the cells were 

dead after digestion, which also supports my hypothesis (unpublished data). 

2.4.6  Properties & configurations of cyanobacteria are the major factors governing pseudofaeces & 

faeces decomposition time  

Studies of the process and speed of decomposition of pseudofaeces and faeces containing 

different cyanobacteria and algae has never been previously reported. Results showed that unicellular and 

colony-forming Microcystis have significantly shorter decomposition times than A. variabilis and C. 

vulgaris (Figure 2-7, Figure 2-11). Different physical properties and structural configurations are 

considered the major factors that govern decomposition speed.   

The decomposition time of pseudofaeces and faeces containing Microcystis are significantly 

shorter than that for other cyanobacteria and algae, which might be due to differences in their buoyancy. 

Microcystis survived the filtering and digestion processes without being damaged. The presence of 

Microcystis in pseudofaeces or faeces changes their buoyancy. As such, gas vesicles produced by these 

cells remain intact and increase the buoyancy to the pseudofaeces and faeces while other types of algae 

sink to the benthic zone. The floating pseudofaeces and faeces are more likely to be disturbed by 

turbulence, leading to increased risk of rupturing thus decreasing decomposition time. 

When comparing the pseudofaeces and faeces decomposition pattern of two different Microcystis 

strains (unicellular vs colony-forming), my results showed that there was no significant difference in 

decomposition time of pseudofaeces between the two forms of Microcystis. However, faeces containing 
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colony-forming Microcystis had a significantly shorter decomposition when compared with that of 

unicellular Microcystis. The short decomposing time may be due to the “bursting” phenomenon found 

only in faeces containing colony-forming Microcystis. A possible explanation for bursting is the 

compression process during faeces production. Since Microcystis has extracellular polymeric substances 

(EPS), it’s mucilage is elastic, compressible, and apparently indigestible. When faeces are released into 

the waterbody, the mucilagenous layer of the pseudofaeces becomes thinner through dissolution and 

diffusion, and cannot contain the pressurized cells, causing them to explode or burst. 

The chain-shaped colony-forming cyanobacteria, Anabaena variabilis, also features active 

migration ability, but they tend to intertwined together themselves. Thus, in pseudofaeces that contain A. 

variabilis, we found that the rupture point does not lead to the release of cells into the water body, instead, 

the cells intertwine together and maintain a robust rope shape. On the other hand, B. aeruginosa showed a 

high digestion ability to A. variabilis. Microscopy and fluorescence examination showed no 

photosynthesis activities of A. variabilis in its faeces (data not shown), which leads to a long 

decomposition time. 

The unicellular Chlorophyta, Chlorella vulgaris does not have gas vesicles and cannot actively 

migrate in the water body, thus pseudofaeces or faeces that contain C. vulgaris sink in the bottom, and 

can remain firm and intact for long period of time. 

2.4.7 Pseudofaeces & faeces structure strongly affects decomposition patterns  

It is hypothesized that pseudofaeces should have a higher decomposition rate than faeces, because 

cyanobacteria and algae are still alive in pseudofaeces but should be partially dead in the faeces. 

However, results showed that a general trend that pseudofaeces had a longer decomposition time 

(compare Figure 2-7 with Figure 2-11). It appears that structural differences might be one of the major 

contributing factors to this. In pseudofaeces, mucilage and cells are rotated and rolled when they pass 

through the food groove complex, a mixing process that makes them robust in a similar manner to a 

“concrete-like” manufacturing process.  On the other hand, faeces have a thick and tight mucilage 
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wrapping, but once this dissolves the whole structure will decompose rapidly through any rupture point. 

This trend is also reflected in the time between each decomposition stage: For pseudofaeces (see Figure 

2-7), the average time gap between each stage is similar, suggesting decomposition at a constant rate. By 

contrast, for the faeces (Figure 2-11), the time gap between stages decreases, suggesting an acceleration 

of decomposition rate. 

2.4.8 Secondary ingestion faeces showed longer decomposition time  

Secondary ingestion faeces had significantly longer decomposition periods compared to primary 

digestion faeces. The longer decomposition period may be due to a higher digestion rate of Microcystis, 

which leads to fewer viable cells in the faeces. A thicker outside mucus layer was also observed compared 

to the primary digestion faeces. Further study is needed to understand  

2.5 Conclusion  

Suspension feeding is identified in various clades of gastropods. However, the salient 

mechanisms and how it might impact planktonic algae and cyanobacteria are not well described. In this 

chapter, the use of new methods to investigate the particulate filtering behavior of the snails B. 

aeruginosa under natural conditions showed that suspension feeding is present in Bellamya aeruginosa 

throughout all age groups. The food groove complex is the key structure which facilitates the 

pseudofaeces production process including transportation, compression, rotation and temporary food 

storage, making this method an effective food acquiring process under various environmental conditions. 

Bellamya aeruginosa graze on pseudofaeces as the snail creates it from different cyanobacteria and algae 

species with no detected size selection or particle preference. Furthermore, B. aeruginosa grazes on its 

own faeces, which allows the secondary digestion of viable cyanobacteria and algae from pseudofaeces 

and faeces. When using colony-forming Microcystis aeruginosa as a food source, B. aeruginosa’s 

suspension filtering process is not detrimental to M. aeruginosa. In addition, grazing on pseudofaeces 

containing M. aeruginosa showed less than 20 % of the cyanobacterial elimination through cell death. 

This elimination rate significantly decreased with increased ingestion rate. It was also apparent that 
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pseudofaeces and faeces of M. aeruginosa are easily broken down with complete decomposition and 

concomitant release of intact Microcystis occurring in 17 h and 6.5 h under non-turbulent conditions, 

respectively, and 2.2 h and 3 h under turbulent conditions, respectively. By comparison, pseudofaeces and 

faeces containing other cyanobacteria and planktonic algae remained intact for significantly longer 

periods. Relatively, secondary digestion faeces containing M. aeruginosa decomposed very slowly. 

Structural differences between pseudofaeces and faeces, along with buoyancy and other specific cellular 

traits of the cyanobacteria and algae within these structures are the major factors affecting their rates of 

decomposition and release of contents. 
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 Table 2-1  Summary of cyanobacteria and algae studied in this chapter including cellular organization formation, size and predominant 
distribution in natural habitat water column 

 

Taxon Cyanobacteria Chlorophyta 
Species Microcystis aeruginosa Microcystis aeruginosa Anabaena variabilis Chlorella vulgaris 

Strain ID FACHB-905 - - FACHB-8 
Cellular formation Unicellular Perforated / irregularly Filamentous Unicellular 

Cell Size* 
(µm) 

3 - 5 4 - 7 5 - 8 3 - 5 

Colony size* 
(µm) 

N/A 100 - 500 60 - 250 N/A 

Outside mucilage No Yes No No 
Water Column 

Distribution 
Suspension uniformly Buoyant, 

Floating to surface 
Mainly floating to 

surface, may attached to 
substrate 

Suspension by 
turbulence; slowly 
sinking to benthic 

zone 
 

*Cell size & colony size were measured at greatest axial linear dimensions 
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Table 2-2 Classification of pseudofaeces in Bellamya aeruginosa based the morphological traits and degree of decomposition 

 

Stage Shape  Surface Content release Notes 
1 Rope shape  Tight, smooth, clear No algae released to water  Original status 
2 Remain same shape, 

but inflate 
Loose, smooth, clear 
edge 

Few algae may found 
released to water 

 

3 Inflate, cannot keep 
original shape 

Loose, coarse  Algae released to water  

4 Deformed from the 
original shape 

Coarse edge Lots of algae released to 
water 

 

5 Deformed from the 
original shape 

No clear edge Algae are free release to 
water body 

Decompose 
completely 

 

Image of each stage are presented in Figure 2-1 and Figure 2-6 
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Table 2-3 Classification of decomposition states in Bellamya aeruginosa faeces based on the morphological form and degree of decomposition 

 

Stage Shape Surface Content release Notes 
1 Fusiform shape, 

connected through 
mucilage 

Tight, clear edge No algae released to water Original status 

2 No change Clear edge; 
Rupture point found 

Few algae released to water  

3 Cannot retain shape Clear edge; 
Rupture Point expand 

Algae released to water  

4 Deformed from the 
original shape 

No clear edge; 
Multiple rupture points found 

Algae released to water  

5 Deformed from the 
original shape 

No clear edge Algae released to water Decompose 
completely 

 

Image of each stage are presented in Figure 2-2 , Figure 2-9, Figure 2-10 
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Table 2-4 Summary of key characteristics of suspension vs. grazing feeding abilities of different cyanobacteria and algae by Bellamya aeruginosa  

(Values given are mean ± SD, n = 25) 
 

Form of 
ingestion 

 Microcystis aeruginosa 
(Unicellular) 

Microcystis aeruginosa 
(colony-forming) 

Anabaena variabilis Chlorella vulgaris 

Suspension 
filtering  

Filterable Yes Yes Yes Yes 
Time to release 
pseudofaeces (s) 

131 ± 46 112 ± 68 141 ± 50 125 ± 29 

 Residual in exhalant 
current 

 
No algae or cyanobacteria found 

 
Graze of 
pseudofaeces 

Ingestion Yes Yes Yes Yes 
Time to release faeces 
(h) 

8.3 ± 3.5 9.1 ± 3.9 8.9 ± 4.2 9.4 ± 2.8 

Faeces as food Yes Yes Yes Yes 
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Table 2-5 Comparison of characteristics between pseudofaeces and faeces produced by Bellamya aeruginosa 

 

Characteristics Pseudofaeces Faeces Secondary Digestion 
Faeces 

Shape Rope-shaped Fusiform Fusiform 
Configuration Trapped suspended 

particles with mucilage 
Thick mucilage outside Thick mucilage outside 

& mucilage inside 
Hardness Soft Hard Hard 
Colour Colour of contents Colour of contents Colour of contents 
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Table 2-6 Decomposition time (h) of secondary faeces containing different cyanobacteria and algae  

(Values given are mean ± SD, n = 25, 120 h = max experimental time) 

 

Decomposition Category  Stage 2 Stage 3 Stage 4 Stage 5 

NT T NT T NT T NT T 
Microcystis aeruginosa 
 (Colony-forming) 

120 92 ± 13 - 120 - - - - 

Microcystis aeruginosa 
(Unicellular) 

120 97 ±18 - 120 - - - - 

Chorella vulgaris  120 120 - - - - - - 
Anabaena variabilis 120 120 N/A N/A - - - - 

 
Notes: 
NT: Non-turbulence condition; T: turbulence condition; “-”, not attained in 120 h 
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Figure 2-1 The photographic illustrations of different decomposition categories of Bellamya aeruginosa’s 
pseudofaeces containing colony-forming Microcystis aeruginosa from Stage 1 to Stage 5. 

Notes: 
Stage 1, the original status of pseudofaeces produced by B. aeruginosa with rope-shape, compact, smooth 
and clear surface, no sign of cyanobacteria being released to water body; Stage 2, pseudofaeces are the 
same shape as Stage 1, bulging with smooth surface, very few cyanobacteria may be released; Stage 3, 
pseudofaeces inflated and cannot maintain the original shape, surface appeared loose and coarse, cells are 
released; Stage 4, the shape of pseudofaeces is significantly different from the initial form with a coarse 
surface and lots of cyanobacteria being released; Stage 5, pseudofaeces decompose completely with no 
clear surface edge visible. 
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Figure 2-2 Photographic illustrations of different degrees of decomposition categories of Bellamya 
aeruginosa’s faeces containing colony-forming Microcystis aeruginosa from Stage 1 to Stage 5 

Notes: 
Stage 1, the original status of faeces produced by B. aeruginosa with a fusiform shape, tight and clear 
surface, no sign of cellular release to water body; Stage 2, faeces remain same shape as stage 1, however, 
rupture point can be found in faeces, cells may release through the rupture points; Stage 3, due to the 
increased numbers of rupture points, faeces cannot maintain original shape, cells are released to water 
through multiple rupture points; Stage 4, the shape of the faeces is significantly different from the initial 
form with multiple rupture points found, most cells on the outside layer released, Stage 5, faeces 
decomposed completely and no clear surface edge visible. 



51 

 

 

Figure 2-3 Morphological structures of Bellamya aeruginosa that related to the suspension feeding 
mechanism (all photos are ventral view) 

Notes: 
A, right nuchal lobe and cephalic food groove; B, left nuchal lobe and ctenidium; C, fully extended right 
nuchal lobe; D, ctenidium; E, food groove complex; F, joint part of food groove and cephalic food 
groove; G, algae captured on ctenidium; H, pseudofaeces transportation through the food groove; I, 
pseudofaeces compress and rotate at cephalic food groove; J, gastropod grazing produced pseudofaeces. 
c, ctenidium; ct, cephalic tentacle; e, eye; f, foot; fg, food groove; fg-e, cephalic food groove; m, mouth; 
mt, edge of mantle cavity; nl-r, right nuchal lobe, i.e. exhalant siphon; nl-l, left nuchal lobe, i.e. inhalant 
siphon; ps, pseudofaeces; Arrows, show direction of algal food movement into pseudofaeces formation; 
IC, direction of inhalant current, EC, direction of exhalant current; Dashed line is the fold of the food 
groove; Dotted line is the ridges of food groove; food groove channel is between the dotted and dashed 
lines  
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Figure 2-4 Percentage of Microcystis elimination through suspension filtering and grazing. 

A, the relationship between the percentage of suspended Microcystis aeruginosa (SM) and the percentage 
of cyanobacterial elimination (Rs) through the Bellamya aeruginosa suspension filtering process; B, the 
relationship between the percentage of grazed Microcystis aeruginosa (GM) and the percentage of 
cyanobacteria elimination (Rg) through Bellamya aeruginosa grazing process 
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Figure 2-5 Morphological structure of pseudofaeces composed of different cyanobacteria and algae 

 

Notes: 
A, colony-forming Microcystis aeruginosa; B, unicellular Microcystis aeruginosa; C, Chlorella vulgaris; D, Anabaena variabilis  
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Figure 2-6 Decomposition pattern of Bellamya aeruginosa pseudofaeces containing colony-forming Microcystis aeruginosa 

Notes: 
These pictures showing colony-forming M. aeruginosa being slowly released from pseudofaeces at 0, 3, 6, 9, and 12 hours. 
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Figure 2-7 Time of decomposition of Bellamya aeruginosa pseudofaeces containing different 
cyanobacteria and algae 
Notes: A, B: colony-forming Microcystis aeruginosa; C, D: unicellular Microcystis aeruginosa; E, F: 
Chlorella vulgaris; G, H: Anabaena variabilis; Left column, non-turbulent condition; Right column, 
turbulent condition; For Boxes: center line is the median, top and bottom represent the 25th- and 75th-
percentiles, whiskers extend to the maximum and minimum values or 1.5 interquartile ranges from the 
median (whichever is less), open circles lie beyond this range. 
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Figure 2-8 Structure of faeces produced by Bellamya aeruginosa composed of different cyanobacteria and algae. 

Notes: 
The mucilage layer is transparent and faeces containing undigested algae and cyanobacteria show the color of the live organism through the 
transparent mucilage. A, colony-forming M. aeruginosa; B, unicellular M. aeruginosa; C, Chlorella vulgaris; D, Anabaena variabilis.  
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Figure 2-9 Decomposition pattern of Bellamya aeruginosa faeces containing Chlorella vulgaris 

Notes: 
A, the original faeces status, most faeces remained in this status after 120 h. B, rupture point (see black and white arrow) and some algae were 
released from these openings. C, aggravation of the rupture points and more algae released from the faeces. D, the rupture points became a large 
opening. E, after another 86 h, the shape of faeces showed little change compared to D. 
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Figure 2-10 Bellamya aeruginosa faeces containing colony-forming Microcystis aeruginosa rapid ‘explosion’ during the decomposition process 
and living Microcystis aeruginosa were released to the waterbody within 20 min. 

Notes: 
A, the original status of faeces; B, faeces enlarged; C, faeces exploded; D, E, Microcystis aeruginosa released to the water. 
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Figure 2-11 Decomposition time of Bellamya aeruginosa faeces containing different cyanobacteria and 
algae  

Notes: 
 A & B: Colony-forming Microcystis aeruginosa; C & D: Unicellular Microcystis aeruginosa; E & F: 
Chlorella vulgaris; G & H: Anabaena variabilis; Left column: Non-turbulent condition; Right column: 
Turbulent condition; For Boxes: center line is the median, top and bottom represent the 25th- and 75th-
percentiles, whiskers extend to the maximum and minimum values or 1.5 interquartile ranges from the 
median (whichever is less), open circles lie beyond this range 
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Figure 2-12 Morphological structure change of B. aeruginosa secondary faeces containing colony-
forming Microcystis aeruginosa 

A, thick mucilage that reflective to light; B, lower density of contents in faeces, the colour of faeces 
differs from the colour of M. aeruginosa;  
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Figure 2-13 Decomposition process of B. aeruginosa secondary faeces containing colony-forming 
Microcystis aeruginosa over 264 h. 

 

Notes: 
The structure of the faeces did not change significantly after 264 h. 
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Chapter 3 

Improvement of microcosm experiment to study the control efficiency of 

Bellamya aeruginosa on Microcystis aeruginosa 

3.1 Introduction 

Microcosm experiments are widely used to reveal the effect of fish on both food webs and 

nutrient cycles (Northcote 1988), the interactions between cyanobacteria and grazer, as well as the direct 

grazing pressure of biomanipulation organisms on cyanobacterial harmful algal blooms (CHABs). 

However, the results yielded from these microcosm experiments were usually inconsistent, inconclusive 

and even conflicting when comparisons were made among results from water bodies of different sizes 

(Carpenter 1996). For example, it has been a long debatable topic in the biomanipulation field as to 

whether filter-feeding fish can be used to control CHABs in eutrophic lakes (Liu and Zhang 2016). For 

over 30 years, there have been numerous reports of using fish to curb CHABs in ponds or waterbodies of 

similar scale and showing positive results (Ruan et al. 1995, Xie 2003, Mueller et al. 2004, Zhang and 

Wang 2009, Zhou et al. 2011). However, there were also reports showing a low efficiency of CHABs 

control with very low digestive ability on cyanobacteria by fish in microcosm experiments (Tang and Xie 

2006, Wang et al. 2008, Wang et al. 2014). Similar trends were also summarized in a review by Demelo 

et al. (1992) that revealed inconsistent results in 22 microcosm studies related to biomanipulation. These 

studies suggested a disconnect of the microcosm experiments to the natural systems, and strategies 

developed based on the microcosm experiments might lead to wrong assumptions when applied to much 

larger natural systems. 

Traditionally, the small size of microcosm and the short duration of the experiments are the major 

factors that may mislead researchers to either miss or misinterpreted the important features of 

communities and ecosystems (Carpenter 1996, Drenner and Mazumder 1999). However, based on our 

field observations as well as many years of laboratory experiments on freshwater gastropods, we 

identified four major limitations that prevent traditional microcosm experiments from revealing the real 
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interactive relationship between gastropods and harmful cyanobacteria: 1) laboratory cultured Microcystis 

has different morphological and ecological properties from those of natural populations; 2) microcosm 

experimental systems cannot reflect natural distribution of cyanobacteria and grazing species; 3) water 

turbidity is often neglected in microcosm experiments; and 4) sampling methods do not adequately 

address the need to assess the key pathways of cyanobacterial consumption by gastropods. Therefore, 

improvement of microcosm experiments is urgently needed to reflect the actual interactions between the 

grazing species and the target cyanobacterial species. 

The purpose of this chapter is to address the limitations described above, and to find proper 

modifications to overcome these limitations. We present modification details, compare results between 

traditional microcosm systems and the modified microcosm system, and use field observation data, when 

available, as references to assess the validity of the microcosm modifications. 

3.2 Materials and methods 

3.2.1 Experimental animal collection and maintenance 

See 2.2.1 

3.2.2 Microcystis acquisition and culture 

Laboratory cultured populations of Microcystis were described in 2.2.2 

Natural populations of Microcystis were used for our experimentation was harvested directly 

from the surface of Gonghu Bay, Lake Taihu (31.449745º N, 120.329557 ºE) during bloom season (May 

– October). On-site microscopic examination was performed to ensure greater than 99% of the 

phytoplankton collected was in the Microcystis family. The organisms were then transported in plastic 

containers (10 L) to the laboratory and used for experiments within 3 days. The major species in the wild 

collection were Microcystis aeruginosa, Microcystis flos-aquae, Microcystis ichthyoblabe and 

Microcystis wesenbergii. The composition of species may vary among various batches collected. Prior to 

the experimentation, floating Microcystis were selected and transferred into 50 mL centrifuge tubes, 
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centrifuged for 30 min @ 500 RCF to remove other planktonic algae as algae are denser and would 

precipitate under the centrifugation while Microcystis remain floating on the surface. 

3.2.3 Microcosm experimental tank 

Rectangular polypropylene tanks (39x53x32 cm, LxWxH 40-L volume) were used as 

experimental microcosms and filled with dechlorinated tap water filtered through 0.8 µm filter paper 

(Figure 3-1 B). MA medium was used when experiments involved Microcystis. The experiment water 

consisted 5.09 mM of total N, 0.16 mM of total P with 0 NTU turbidity and the experiment was 

conducted at 25 ºC indoors, photo-period of L: D of 14: 10 hr with full spectrum fluorescent light (Philip 

T5 6500k) at 14 µmol · m-2 · s-1 at the water surface.  

3.2.4 Modification of aeration module  

Natural population of Microcystis usually float on the water surface to form visible blooms. They 

are not commonly found in the benthic zone. However, due to the small size of microcosm systems, 

aeration may cause vertical mixing of water that carry surface Microcystis to the benthic zone. Thus, the 

purpose of aeration module modification was to provide enough dissolve oxygen (DO) for the organisms 

in the system with minimum vertical mixing of water. In brief, a 40 cm length of PVC tube (I.D. = 7 cm) 

was prepared by perforating a parallel series of holes from bottom up. Each hole is 0.4 cm diameter and 3 

cm apart. An air stone was then placed inside at the bottom of modified PVC tube which was then placed 

in the experimental tank (Figure 3-1 A). 

We compared DO content, colony-forming M. aeruginosa vertical distribution, and B. aeruginosa 

vertical distribution patterns under three settings: no aeration, using the traditional aeration module or the 

modified aeration module in the experimental system described above. For the traditional aeration group, 

the air stone was placed at the bottom corner of the tank. For the modified aeration system, the air stone 

was placed in the PVC tube at the corner of the tank (Figure 3-1 B). Air supply was with a magnetic 

vibration aquarium air pump (SunSun HP-1116, pressure 0.015MPa), Water temperature, DO content 

(mg L-1), and % of DO saturation were measured with a portable DO meter (YSI 85, USA). 
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To evaluate if the modified aeration module could maintain a stable dissolve oxygen content in 

the experimental system with the presence of snail. A hundred snails were placed in each treatment and 

DO content was measured at the three sampling points shown in Figure 3-1 B over a 72 h period. 

To evaluate if the modified aeration module could manipulate the colony-forming cyanobacterial 

vertical distribution patterns as they appear under the natural conditions, an initial Chl-a amount of 65 mg 

· L-1 of colony-forming M. aeruginosa was added to each treatment. After 72 h, 10 mL of water was 

collected using a siphon at 3 different depths (vertical depth: 0 cm, 12cm and 24 cm) (Figure 3-1  B). 

To evaluate if the modified aeration module could manipulate the vertical distribution patterns of 

B. aeruginosa as they were in their natural habitat, 100 snails were used in each treatment. Photographs 

were taken every half-hour for 72 h and the number of B. aeruginosa that migrated to 0 - 10 cm depth 

from the surface were counted. 

3.2.5 Modifications to limit snail distribution  

In natural conditions, the optimum distribution depth of B. aeruginosa is between 0.2 to 1 m  

(You and You 1998). However, water depth is often limited by the small size of experimental 

microcosms. As a result, experimental B. aeruginosa can easily reach the surface. The purpose of this 

modification is to control snail’s vertical distribution in the microcosm system, to mimic the snail 

distribution in natural water of different depths. Partitions made of nylon screens and stainless steel wire 

frame were used to limit this. The nylon screen was wrapped on the rectangular stainless wireframes to 

form a plane. Four stainless steel wires were bent into “G” shapes to provide strong support. The lengths 

of the supporting wires were adjustable to provide different slopes or heights for different experimental 

requirements (Figure 3-2 A).  

To test if partition were able to limit snail distribution as expected, experiments were performed 

as described in 3.2.3. For the traditional method, no blocker was placed in the tank and the snails were 

placed in the tank directly, whereas for the partition groups, the partition was placed at 16 cm below the 
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water surface, and the snails were placed either above or below the partition. The snail distribution pattern 

was observed every 24 h, and four replications were tested for each group. 

3.2.6 Modification of water turbidity for microcosm experiment  

Waves cause erosion of shorelines and resuspension of bottom sediments. At the shoreline, 

resuspension is mostly affected by wind-induced waves, and the resuspended matter can stay in the water 

column for a long time leading to a sustained high turbidity level (Hellstrom 1991). However, it is very 

difficult to maintain a stable turbidity level in the microcosm system. Besides, the presence of suspension 

feeding animals in the system will alter turbidity significantly. 

The design of the system is shown in Figure 3-3 where 2 microcosm tanks were used, one was to 

function as a surrogate reservoir to establish desirable water turbidity before the water was supplied to the 

experimental tank. The tanks were connected by two plastic tubes, an outflow tube (I.D. = 0.8 cm) was 

connected to a submersible pump (Generic NS-160) to pump water from the experiment tank to the 

reservoir, another inflow tube (I.D. = 1.2 cm) was connected to both tanks and siphoned water from the 

reservoir back to the experimental tank. An additional submersible pump (Generic NS-160) was placed in 

both surrogate reservoir and experiment tanks to re-suspend sunken particles. The two pumps have 

different operating modes with the submersible pump in the “reservoir” being set to run continuously 

during the experiment, while the submersible pump in the experiment tank was set to run 10 min every 2 

h. 

When B. aeruginosa were used for the experiment, an additional step was taken to reduce the 

impact of foot mucus produced by the snail. As such the mucus deposited by B. aeruginosa during their 

locomotive movement would conjugate with suspended particles and significantly reduce the water 

turbidity (Skiold-Hanlin 2015). To minimize this effect of mucus on turbidity as well as on the sunken 

pseudofaeces and faeces, the benthic zone was completely flushed manually with water from the outflow 

tubing every 24 h.  
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To test if the system was able to maintain a stable turbidity level, three different initial turbidity 

levels (turbidity 40, 75, 120 NTU) of water were established. The experimental duration was 120 h, and 

turbidity was measured with a turbidimeter (Hach 2100Q, USA) every 12 h.  

To test if the system can maintain a stable turbidity level in the presence of B. aeruginosa, the 

same experiments were performed with 50 snails, with benthic flushing as described above, and turbidity 

was measured every 24 h.  

3.2.7 Modification of sampling methods 

Traditional water column or sediment sampling methods cannot reflect the true pathway of the 

Microcystis consumption process by B. aeruginosa. Therefore, surface-water, benthic-water, and adhering 

surface segment sampling methods were needed to accurately examine the Microcystis degradation 

process. 

Five water sampling methods were developed based on the findings from Chapter 2 to reflect the 

effect of suspension feeding by B. aeruginosa (Figure 3-4).  To minimize the sampling impact to the 

microcosm experiments, sampling procedures for each sample type are listed below: 1. Regular Water 

Sample (RWS): Water was collected with a 50 mL sampling tube after gently mixing the water in the 

experimental tank using one of the PVC aeration tubes for 10 circlar turns; 2. Float Portion Sample (FPS): 

Water was taken as described above for RWS, and then allowed to settle for 10 min before transferring 

everything except precipitate into a new sample tube; 3.Precipitate Portion Sample (PPS): A similar 

process was performed as FPS, but only the precipitate was collected; 4. Total Water Sample (TWS): the 

water was completely mixed water was taken; 5. Total Precipitates Sample (TPS): A 3 x 3 cm metal sheet 

was placed at the bottom of the experimental tank, the system was allowed to reach steady state and then 

all the precipitate was collected from the sheet metal sampling quadrat using a siphon.  

The intended content of samples using the five sampling methods are as follow: RWS: content in 

the water column, however, cyanobacteria that adhere to various surfaces will not be sampled; FPS: 

content in the surface-water column that does not settle, including free floating cyanobacteria, snail 
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pseudofaeces, and snail faeces; PPS: content in the benthic-water column, including sunk cyanobacteria, 

snail pseudofaeces and faeces; TWS: content in the entire system, which includes total living 

cyanobacteria in the entire experimental system; and TPS: the precipitate segment, including 

cyanobacteria sunk at the benthic-water column or that adhering to surface. 

Cyanobacterial biomass of TWS, RWS, FPS and PPS were estimated through Chl-a content 

analysis directly(International Organization for Standardization 1992). The cyanobacterial biomass of 

TPS were calculated through a different equation listed in Appendix B.1. 

To test how sampling methods would affect the study results of B. aeruginosa suspension feeding 

on M. aeruginosa, the microcosm experiment system described in section 3.2.3 was used. Two different 

cyanobacterial types described in 3.2.2, unicellular and colony-forming M. aeruginosa, were used as 

target species. The initial amount of M. aeruginosa per unit volume was set as 65 mg · m-3 of Chl-a 

(equivalent to 1.5 x 106 cells · mL-1). Fifty snails (~ 2.6 g wet weight each) were placed into each 

experimental group. Modified aeration module described in 3.2.4 were used. The experiment ran for 120 

h, 4 replicates for control group and 6 replicates for experimental groups. The FPS, PPS, and TPS water 

samples were collected every 12 h to reflect the cyanobacteria content in surface-water column, benthic-

water column, precipitate segment respectively. RWS, TWS, FPS, PPS, TPS were collected for all groups 

at the end of experiment to reflect the cyanobacteria content in the water column, the entire system, 

surface-water column, benthic-water column, and precipitate segment respectively. Cyanobacteria 

concentration was determined referring to Chl-a content. Although we did not take RWS and TWS 

samples during the experiment (to minimize sampling impact on the experiment), the Chl-a of these 

samples can be calculated using the following formula:  

(Calculated) Chl-a(RWS) = Chl-a(FPS) + Chl-a(PPS);     Eq. 3-1 

(Calculated) Chl-a(TWS) = Chl-a(FPS) + Chl-a(TPS);     Eq. 3-2 

In addition, Chl-a content of the adhering to surface layer can be calculated through the sampling 

of TPS and PPS: 
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(Calculated) Chl-a(Adhering to surface segment) = Chl-a(TPS) – Chl-a(PPS)  Eq. 3-3 

3.2.8 Turbidity (clay) preparation  

Clay was collected directly from Dianshan Lake bed sediment through a sand and silt dredge grab 

sampler. and then washed in the laboratory to remove visible debris followed by a second wash with 

dechlorinated water and then filtered through a 200-mesh net (75 µm pore diameter), heated at 520 oC for 

5 h to remove organic matter before being used in the experiments. The particle size was measured under 

a microscope (Nikon Eclipse 55I) and it was categorized as “very fine silt / clay ” based on the 

Wentworth (1922) classification system (Table B.1). 

3.2.9 Still and time-lapse photography 

Still photograph was taken using Gopro Hero 3/3+ camera (Gopro, USA), and it has a built-in 

function to enable time-lapse capture at 1 to 60 s intervals. 

3.2.10 Statistical analysis 

One-way ANOVA and student t-tests were used for statistical analysis in R version 3.2.1., 

significance is denoted (P < 0.05) unless otherwise indicated. 

3.3 Results  

3.3.1 Effects of the modified aeration module on DO content, and the vertical distribution of M. 

aeruginosa and B. aeruginosa   

The group supplied with traditional module aeration had highest DO content at over 90% air 

saturation. In the modified aeration module group, DO was about 70% air saturation. In the group without 

aeration module, DO was less than 20% air saturation. In comparison, the DO content in the surface layer 

of Dianshan Lake was about 73 % saturation and 51 % in the benthic layer (Table 3-3). 

Colony-forming M. aeruginosa showed uneven distribution patterns in all experimental groups. 

In the no aeration or modified aeration groups, surface layer accounted over 99% of the system Chl-a. 

However, in the traditional aeration group, significantly higher Chl-a was obtained in middle and benthic 
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layers compared to other groups (P<0.01, n = 4). Surface, middle, and benthic layers in the traditional 

aeration group accounted for 57%, 25%, and 18% of the system Chl-a, respectively. (Table 3-3). 

The vertical distribution analysis of snails showed that B. aeruginosa has a diurnal cycle of 

vertical movement, with higher numbers of snails migrating to the surface during the night than day. In 

the groups with either traditional aeration or the modified aeration module, approximate 40 % of B. 

aeruginosa were found to migrated to the surface (<10cm depth) during the night time and approximate 

20 % remain at the surface during the day. There are no significant differences between the traditional and 

modified aeration groups, while in the group without aeration a significantly higher percentage (over 80 

%) of snails aggregate at the surface and there is no clear day-night cycle mainly due to the low DO in the 

water (P<0.01, n = 4, Figure 3-5).  

3.3.2 Turbidity alterations with the modified system 

We measured the turbidity changes during the experiment using both the traditional and modified 

microcosm experimental systems (Figure 3-6). When the systems had different initial turbidities, the 

control groups showed an exponential decrease in turbidity over time, but in the modified system, 

turbidity dropped in the first 5 h and then became stable (Figure 3-6 A). When snails were added, the 

control group showed a rapid drop, and within 24 h, turbidity has decreased to less than 5 NTU from 120 

NTU. On the other hand, in the modified system, turbidity also dropped but at a much lower speed, and 

the manually transferred precipitate from the experimental tank to the reservoir significantly increased the 

turbidity level in the system, providing a relatively stable turbidity over the experiment period (Figure 3-6 

B). 

3.3.3 Evaluation of Microcystis distribution and biomass change through B. aeruginosa suspension 

feeding process using different sampling methods 

The Chl-a results obtained through different sampling methods after 120 h of experimentation are 

shown in Figure 3-7. In the control group containing unicellular M. aeruginosa (U-LC), significant Chl-a 

increases occurred in the water column (measured by RWS) and the entire system (measured by TWS) by 
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the end of the experiment compared to the initial values. There was no significant difference when 

comparing values between the two sampling methods (P = 0.49, n = 4 ). In addition, the surface-water 

column (measured by FPS) contributes 99 % of the system Chl-a, while Chl-a of the benthic-water 

column (measured by PPS) and the adhering to surface segment (measured by TPS – PPS) remained at 

less than 2 mg · m-3 by the end of experiment and they were not significantly different from the initial 

value (P > 0.05, n = 4).  

When snails were present with unicellular M. aeruginosa (U-LM), inconsistent results were 

obtained. Chl-a of the water column decreased significantly compared to the initial value, but Chl-a of the 

entire system is 5 times higher than that of the water column. In addition, Chl-a of surface-water column 

significantly decreased. however, Chl-a of benthic-water column and adhering to surface segment 

significantly increased comparing with the corresponding samples in the negative control group (U-LC). 

By the end of experiment, the adhering to surface segment accounted for 79 % of the Chl-a in the entire 

system. 

Experiments using colony-forming M. aeruginosa showed different results than the one with 

unicellular M. aeruginosa. In the negative control group (C-LC), the Chl-a of the water column and the 

entire system show no significant difference after 120 h compare to the initial value. In addition, benthic-

water column and adhering to surface segment only accounted for less than 5 % of the chl-a of the entire 

system, and 95% of the Chl-a was contributed from the surface-water column.  

When snails were present with colony-forming M. aeruginosa (C-LM), the sampling methods 

showed different pattern than the unicellular group (U-LM). Chl-a of the water column and the entire 

system decreased when compare to the initial value, however, the reduction was not significant compared 

to the final value of the control group. In addition, the benthic-water column and the adhering to surface 

segment only accounted for less than 15 % of the entire system Chl-a, while the floating-water column 

accounted for over 85 % of the entire system Chl-a. 
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To assess the temporal shift of the proportion of Microcystis in surface-water, benthic-water and 

adhering to surface segment, FPS, PPS and TPS samples were taken every 12 h (Figure 3-8). The surface-

water column showed an increase over time in the negative control group, but a linear decrease was found 

in the experimental groups. (Figure 3-8 A). The benthic-water column remained low at less than 1 mg · 

m-3 of Chl-a in the negative control group over time, but in experimental group, Chl-a of precipitates 

showed an exponential trend of growth i.e. rapid increase in the first 48 h then a slower increase till the 

end of the experiment (Figure 3-8 C). Similar to the benthic-water column, the adhering to surface 

segment in the negative control group showed less than 1 mg · m-3 of Chl-a over time, but the 

experimental groups showed an increase over time with the final Chl-a concentration reaching more than 

70mg · m-3 (Figure 3-8 E). The Chl-a of the water column in the negative control group (U-LC) showed 

an increase over the experimental period, however, in the experimental group, an exponential decrease 

was found instead (Figure 3-8 G).On the other hand, the calculated Chl-a of the entire system in the 

negative control group showed a linear increase over the experimental period, while those of the 

experimental groups showed a slow decrease in the first 36 h, then an increase till the end of the 

experiment (Figure 3-8 G). 

With respect to the colony-forming M. aeruginosa, Chl-a of the surface-water column in both 

control group and experimental group showed the similar trend, which slowly decrease during the 

experimental period (Figure 3-8 A). The Chl-a of benthic-water column did not change significantly over 

the experimental period for both control group and experimental group (Figure 3-8 F). The Chl-a of 

adhering to surface proportion in both the control group and in the experimental group did not show any 

increase over the experiment time period as well (Figure 3-8 H). As a result, the Chl-a of the water 

column and the entire system showed similar trend that slowly decrease during the experimental period 

(Figure 3-8 H). 
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3.4 Discussion 

To date, many biomanipulation studies have been conducted on a relatively small scale such as in 

laboratory or field enclosures (Hansson et.al 1998). The limited spatial and temporal scales of such 

studies may have led to some questionable conclusion, particularly when these findings were extrapolated 

to the interpretation of the foraging dynamics at the whole-lake scale. Based on field observations as well 

as many years of laboratory experimentation with freshwater gastropods, I identified four major 

limitations have been identified that prevent microcosm-based studies from revealing the actual 

cyanobacterial control process in natural conditions. In general, the limitations are: 1) laboratory cultured 

Microcystis has different morphological and ecological properties than natural populations; 2) microcosm 

experimental systems do not emulate the natural distribution of cyanobacteria and their respective grazing 

species; 3) the turbidity in shallow water was often neglected in those microcosm experiments; and 4) the 

sampling methods and techniques didn’t accurately follow the key pathway of cyanobacterial 

consumption by their grazers. 

3.4.1 Laboratory cultured Microcystis has different morphological and ecological properties from 

their natural populations 

The colony formation in the natural populations of Microcystis usually consist of thousands of 

cells with thick mucilaginous protective coatings, and they float on the water surface to form visible 

blooms (Figure 3-9 A & B). We noticed that, however, while many microcosm studies use Microcystis 

strains purchased from algae banks as studied species, many of these strains (e.g. UTEX LB 2385, 2386, 

FACHB-collection FACHB-524) only form colonies of less than 50 cells or do not form colonies at all 

(Figure 3-9 C). When batch culturing them in laboratory conditions, Microcystis do not float to the 

surface or sink to the bottom, instead they are evenly distributed pattern throughout the water column 

(Figure 3-9 D). Similar phenomena were also observed when we cultured colony-forming Microcystis 

regardless whether they were isolated from the field or cultured under laboratory conditions despite some 

laboratory strains having been kept for more than 2 years (unpublished data). Although the issue of non-

colonial state in this organism in laboratory condition has been mentioned in many studies (e.g. (Ferrao-
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Filho and Azevedo 2003, Jiang et al. 2016), but most of them fall short on addressing the fact that the 

differences in their morphological and ecological properties could have significant impact on the 

outcomes of those food-web studies. 

The results presented here showed that the differences in colony structure and buoyancy between 

natural and laboratory-cultured strains can strongly affect the results of suspension feeding studies. 

Unicellular M. aeruginosa are evenly distributed in the water body and thus will be captured through B. 

aeruginosa’s suspension filtering process regardless of the physical size of the experimental system or 

distribution pattern of the foraging organism i.e. Bellamya. On the contrary, effective suspension of 

colony-forming M. aeruginosa requires an overlap of distribution between it and B. aeruginosa. In 

Chapter 2, it was shown that the filtration rate significantly decreased when using colony-forming M. 

aeruginosa compare to unicellular M. aeruginosa. Here, our Chl-a results further supported this finding 

by showing a significant reduction of Chl-a indicating less Microcystis presence in the water column 

when unicellular M. aeruginosa was used, but no significant reduction for colony-forming M. aeruginosa 

(Figure 3-7, compare RWS & FPS for U-LM vs C-LM group). These results suggest that only floating 

colony-forming Microcystis strains isolated from natural populations should be used in microcosm 

experiments to closely reflect their fates in the natural habitat. 

3.4.2 The conventional microcosm experimental systems do not emulate the natural distribution of 

cyanobacteria and their grazing species 

In natural conditions, colony-forming Microcystis mainly floats near the surface, while B. 

aeruginosa is limited to the sediment substrate. In order to establish the effective suspension feeding of 

aeruginosa by the snails, it is essential for an overlap in their distribution patterns. Unfortunately, because 

the conventional microcosm experiments were unable to consistently emulate these natural distribution 

patterns, it has been challenging to obtain consistent results in experiment using larger mesocosms and the 

conventional microcosms. For example, Naddafi et al. (2007) suggested that the phytoplankton 

community in an inadequately mixed system was probably less affected by zebra mussel grazing than in a 

well-mixed water body. In the present study, it was found that aeration is one of the major factors that 
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caused vertical mixing of water that carried surface Microcystis to the benthic zone. The results showed 

that traditional aeration methods led to 40 times higher Chl-a content in middle and benthic layers than in 

those without aeration (Table 3-3). In addition, water depth is often limited by the size of experimental 

microcosms where Bellamya can easily reach the surface, while in natural conditions the optimum 

distribution of B. aeruginosa is between 0.2 to 2 m in depth (You and You 1998). Those differences 

would be expected to affect the suspension filtration ability of Bellamya on Microcystis. Thus, natural 

distribution of colony-forming cyanobacteria as well as grazing species needs to be emulated in 

microcosm experiments.  Our modifications focus on two issues: firstly, to reduce vertical mixing of 

water to allow Microcystis to float to the surface; and secondly, to simulate the distribution pattern of 

Bellamya at different water depths. 

The first issue can be resolved through the removal of direct aeration, but DO concentration is 

considered as one of the key abiotic factors that affect B. aeruginosa’s vertical distribution in the water 

column (Blanco and Cantera 1999). When B. aeruginosa were placed in the microcosm system without 

aeration, over 70% would migrate to the surface, however, only less than 30% would move to the surface 

with aeration. Thus, the modified aeration module aiming at minimum vertical water mixing using an air-

infusing stone inside a perforated PVC tube allowed adequate water movement and gas diffusion (Figure 

3-1). The performance test showed that the modified module significantly reduced cyanobacterial vertical 

mixing (Table 3-3), and there was no difference in B. aeruginosa’s vertical distribution between the tests 

using the traditional aeration and modified aeration modules (Figure 3-5). To resolve the second issue, an 

adjustable partition was used (Figure 3-2), which enables the testing of control efficiency under different 

distribution patterns of overlap between B. aeruginosa and M. aeruginosa.  

3.4.3 Turbidity as an important factor often neglected in microcosm experiments 

In shallow lakes, the mixing action in water often carries through the entire water column 

reaching the benthic zone and bottom, resulting in an increase in sediment resuspension and water 

turbidity adding more nutrient matter to the water column (Herb and Stefan 2005), however little is 
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known about how re-suspended sediment affects food-web dynamics. One of the difficulties in 

conducting this type of study is the establishment of different turbidity levels in a microcosm system. In 

addition, since bivalve and gill-breathing gastropods are capable of suspension feeding, they will 

continuously remove particles from the water to decrease water turbidity.  Therefore, it is very difficult to 

quantitatively assess how turbidity level affects grazing animals and movement of Microcystis in any 

artificial system. 

 To circumvent this problem, a two-tank system was introduced where one tank acted as a 

preparation reservoir to provide consistent turbidity through constant water mixing and agitation for 

particle resuspension (Figure 3-3), while the second tank was receiving the influx of water from the 

preparation tank with constant turbidity.   The results showed that the system can maintain stable turbidity 

(Figure 3-6 A)  even with the presence of a high density of snails (250 individual · m3) in the system, the 

turbidity can still be maintained in an acceptable range (Figure 3-6 B), affording the reliable conduct of 

this series of experiments.  

3.4.4 Findings of key pathways of the cyanobacterial consumption by snails with the improved 

sampling methods 

Chapter 2 showed that the control of Bellamya on Microcystis was mainly realized through the 

suspension feeding process.  During this process, living Microcystis were found in 6 different 

intermediate forms including: floating Microcystis, floating pseudofaeces, sunken pseudofaeces, floating 

faeces, sunken faeces, and faeces adhering to the benthic substrates (Figure 3-4). While traditional 

sampling methods can only reveal the cyanobacterial amounts in the water column (through RWS 

samples), our new sampling methods could be used to monitor various states of Microcystis, such as 

whether they sink to the benthic zone, or adhere to various surfaces at the benthic layer. Because they are 

still alive Microcystis are still experiencing cell division and can potentially lead to the formation of 

CHABs. For example, when using unicellular Microcystis in the experiment, we showed that Chl-a in the 

water column was significantly reduced (Figure 3-7, U-LM group, RWS & FPS), however, Chl-a of the 

entire system (Figure 3-7, U-LM group, TWS) was 5 times higher than that of in the water column 
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sample. This is largely due to the fact that free Microcystis were concentrated through the suspension 

feeding process and became the major part of pseudofaeces or faeces content. Pseudofaeces and faeces 

were then adhering to the surface because of their sticky mucilage layer or the secretion of mucus by B. 

aeruginosa foot when in contact (Figure 3-10). Similar results were also obtained when examining 

another unicellular alga, C. vulgaris for the experiment (unpublished data). Thus, a significant reduction 

of Microcystis content in the water column does not necessarily mean enhanced algal removal rate, which 

may have been the reason for erroneous conclusions when using regular water column sampling only. 

Furthermore, the current sampling methods cannot provide high enough resolution to specifically 

discriminate the cyanobacterial contents in each intermediate form, thus it has been very difficult to 

analyze the controlling process of Bellamya on Microcystis over time. Our improved sampling methods 

provides enhanced temporal and spatial resolution to allow us to better describe the floating-water column 

(FPS), the benthic-water column (PPS) and adhering to surface segments of the organism (calculated by 

TPS - PPS), thus enabling assessment of the control process of B. aeruginosa for different cyanobacterial 

strains. For example, in the experimental group using unicellular M. aeruginosa, our results showed that 

Chl-a of the surface-water column decreases over time. This trend reflects the suspension filtering of B. 

aeruginosa continued capturing M. aeruginosa from the water column, reducing their total numbers there 

(Figure 3-8 A). The Chl-a of benthic-water column showed a logarithmic growth trend that rapidly 

increased in the first 48 h, then slowly increased till the end of the experiment (Figure 3-8 C). The 

increased reflect the great amount of pseudofaeces and faeces production by B. aeruginosa. Due to the 

low digestibility to Microcystis, these pseudofaeces and faeces contain high percentages of undigested 

Microcystis that sinks and increases the Chl-a concentration in the benthic portion. On the other hand, 

pseudofaeces and faeces containing Microcystis decomposed rapidly (Chapter 2), releasing the 

cyanobacteria back to the water body or it can adhere to surfaces when in contact with B. aeruginosa foot 

mucus, thereby lowering the amount of Microcystis in the benthic portion. The counter effect of both 

process determines the change of Chl-a in the benthic portion: within the first 48 h, the amount of 
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pseudofaeces and faeces that forms were higher than those decomposed, thus the outcome reflected the 

increase in Chl-a in the benthic zone, while after 48 h, greater amounts of pseudofaeces and faeces 

decomposition led to the decline of Chl-a in the benthic portion, which led to a downward trend. The 

adhering to surface proportion showed a significant increase overtime for the unicellular strain (Figure 

3-8 G). This increase might be because the unicellular Microcystis do not easily escape from the 

pseudofaeces or faeces that adheres to various surface areas.  

On the other hand, in the experimental group using colony-forming M. aeruginosa, the floating 

proportion did not show significant difference compared to the control group, suggesting a low 

suspension filtering ability of the snail due to the low physical overlap of these two organisms (Figure 3-8 

C). The benthic-water column did not increase significantly through time, suggesting that the intermediate 

forms of suspension feeding, pseudofaeces and faeces, were mainly floating to the surface (Figure 3-8 H). 

In addition, the low Chl-a in the adhering to surface segment suggested that colony-forming cells cannot 

be trapped by snail mucilage. Thus, the data from the different portions over time helps to explain why 

there has always been a discrepancy in Chl-a content between the water column sample (RWS) and the 

total water sample (TWS) for unicellular Microcystis, but little differences for colony-forming 

Microcystis. 

3.5 Conclusion 

Microcosm experiments are one of the commonly used tools allowing us to study the interaction 

among organisms in the food web. In this study, we used microcosms to assess the control efficiency of 

gastropods on harmful cyanobacteria. Based on the results of our own experimentation and other work, it 

was noticed that the results were often inconsistent which led to ambiguous conclusions using the 

conventional design of microcosm experiments.  Here, using B. aeruginosa and M. aeruginosa as study 

species, four major limitations were identified that prevented revealing the true interactive relationship 

between the two species in microcosm experiments. Improved microcosm designs were made based on 

these findings to address the limitations. Our results showed that: 1) lab cultured M. aeruginosa has 
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different morphological and ecological properties from those of natural populations. Because the former 

one is evenly distributed while the latter one appears only at the surface layer , the differences in 

distribution strongly affect the results of suspension feeding studies. Therefore, floating colony-forming 

M. aeruginosa strains isolated from natural populations should be used for microcosm experimentation; 

2) traditional microcosm experimental systems were too small to mimic the natural vertical distribution 

pattern of M. aeruginosa and B. aeruginosa. Therefore, modified aeration modules were introduced to 

minimize vertical mixing of water allowing Microcystis to form blooms on the surface. In addition, screen 

partitions were used to maintain B. aeruginosa’s vertical distribution pattern mimicking their natural 

setting; 3) turbidity was either neglected or difficult to maintain stably in the traditional microcosm 

experiments with the presence of suspension feeding organisms. To resolve this issue, a separate mixing 

reservoir tank was used to achieve the target water turbidity before the water was supplied to the 

experimental tanks; 4) traditional methods of water column sampling does not allow the discrimination of 

subtle and dynamic variation in the biological characteristics of study organisms, thus it fails to depict the 

true pathway of the consumption process. For example, during the M. aeruginosa consumption process by 

B. aeruginosa, living cells may exist in different forms (i.e. alive M. aeruginosa in pseudofaeces and 

faeces), and the traditional sampling methods cannot monitor various states of M. aeruginosa. Therefore, 

surface-water, benthic-water, and adhering to surface content sampling methods were developed to more 

accurately examine the M. aeruginosa degradation process through the suspension feeding of B. 

aeruginosa. By implementing all of these changes, it was possible to analyze the true interactions 

between the two species in our microcosm experiments, which permitted determining the control 

efficiency of Bellamya on Microcystis. 

  



 

 

80 

Table 3-1 Morphological and ecological properties of Microcystis aeruginosa strains  

 

Species Microcystis 
aeruginosa 

Microcystis aeruginosa Microcystis aeruginosa 

Strain Name FACHB-524 Lab cultured strain Wild strain 
Source FACHB collection Lake Taihu Lake Taihu 

Cellular formation Unicellular Perforated / irregularly Perforated / irregularly 

Cell Size* 
(µm) 

3 - 5 4 - 7 4 - 7 

Colony size* 
(µm) 

N/A 100 ~ 500 300 ~ 900 

Presence of 
mucilage 

No Yes yes 

Water Column 
Distribution 

Uniform Suspension Floating to surface Floating to surface 

 

*Cell size & colony size were measured at greatest axial linear dimension 
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Table 3-2 Comparasion of water sampling methods to control efficiency of Bellamya aeruginosa on 
Microcystis aeruginosa 

 

Group 
Identifier 

Microcystis 
configurations 

Number of 
Bellamya 

Aeration Replication Water sampling 
methods 

U-LC Unicellular N/A Modified 4 Every 12 h: 
FPS, PPS, TPS 

End of experiment: 
TWS, RWS, FPS, PPS 

U-LM Unicellular 50 Modified 6 
C-LC Colony 50 Modified 4 
C-LM Colony 50 Modified 6 

 
RWS: Traditional Water Sample; TWS: Total Water Sample; FPS: Floating Portion Sample; PPS: 
Precipitate Portion Sample; TPS: Total Precipitate sample;
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Table 3-3 Comparison of dissolved oxygen (DO) content and colony-forming Microcystis aeruginosa amount (measured as chlorophyll-a, mg · 
m-3) using traditional aeration and modified aeration modules  

(Values given are mean ± SD, n = 4) 

 

  No aeration Traditional aeration Modified aeration Field - Dianshan Lake* 
DO (mg L-1     % saturation) 

 Near 1.4 ± 0.2    17% 7.9 ± 0.1    95% 6.3 ± 0.1    76% Water temp: 22.6 oC 
Surface: 6.3 ± 0.4 73% 
Benthic (1.1m): 4.4 ± 0.5 51% 

 Center 1.5 ± 0.1    20% 7.7 ± 0.2    92% 5.9 ± 0.3    71% 
 Away 1.5 ± 0.1    18% 7.4 ± 0.2    89% 5.2 ± 0.3    62% 

Chlorophyll-a contents (mg · m-3) 
 Surface 867.5 ± 58.7 126.3 ± 14.9 726.2 ± 71.8 Surface: 1106 ± 194.5 

Middle: 34.0 ± 12.1  Middle 4.3 ± 0.8 54.8 ± 10.9 7.3 ± 0.4 
 Benthic 3.1 ± 0.3 38.3 ± 9.8 8.6 ± 0.8 

 
Near, Center, Away: the sampling sites of dissolved oxygen, distance to aeration module: Near = 3 cm, Center = 24 cm, Away = 57 cm; Surface, 
Middle, Benthic: the sampling sites for water sampling at different depths (Surface = 0 cm, Middle = 12 cm, Benthic = 24 cm). For details of  
sampling sites see Figure 3-1. 
 
*Field - Dianshan Lake: For DO measurement, field testing was conducted at the shallow end of the lake where B. aeruginosa were collected for 
the study. The lake water contains zero salinity, values given are means ± SD, n = 10; for chlorophyll-a content measurement, samples were taken 
at the shallow end of the lake during the summer season when cyanobacteria blooms occurred, three samples were taken from each of surface (0 
m), middle (50 cm), and benthic (1 m) zones, respectively, through a horizontal water sampler (Institute of Hydrobiology, Chinese Academy of 
Science), values given are mean ± SD, n = 5. 
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Figure 3-1 Modification of aeration module and experimental tank setup to compare the dissolved 
oxygen content and colony-forming M. aeruginosa vertical distribution between the two aeration modules 
modification to limit snail distribution for microcosm experiments. 

 

Notes: 
 A, a 40 cm length of PVC tube (I.D. = 7 cm) was prepared by perforating a parallel series of holes from 
bottom up. Each hole is 0.4 cm diameter and 3 cm apart. An air stone was then placed inside at the bottom 
of modified PVC tube which was then placed in the experimental tank; B, Showing the location of 
aeration module and various sampling points relative to the aeration apparatus in terms of the distance 
(near, intermediate and far) and depths (benthic, middle and surface); Black filled circles, represent 
sampling site to measure dissolve oxygen (distance to aeration module: Near = 3 cm, Center = 24 cm, 
Away = 57 cm). Purple squares, are the sites for water sampling at different depths (Surface = 0 cm, 
Middle = 12 cm, Benthic = 24 cm). 
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Figure 3-2 Modification to limit snail distribution for microcosm experiments.  

Notes: 
A, illustration of the partition design, the partition was made of nylon screens and stainless steel wire 
frame, the nylon screen was wrapped on the rectangular stainless wire frames to form a plane. Four 
stainless steel wires were bent into “G” shapes to provide strong support, the lengths of the supporting 
wires are adjustable to provide different slopes or heights per different experimental requirements; B, the 
partition was used in the experiment that limit Bellamya aeruginosa at benthic while colony-forming 
Microcystis aeruginosa appear on surface. 
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Figure 3-3 Modification of microcosm experimental system for turbidity experiments 

Notes: 
Two similar size microcosm tanks were used, one was to function as a surrogate reservoir to establish 
desirable water turbidity before the water feeding to the experimental tank. The tanks were connected by 
two plastic tubing, an outflow tube (I.D. = 0.8 cm) was connected to a submersible pump to pump water 
from the experiment tank to the reservoir, another inflow tubing (I.D. = 1.2 cm) was connected to both 
tanks and to siphon water from the reservoir back to the experimental tank. Besides, additional 
submersible pump was placed in both reservoir and experiment tanks to re-suspend sink particles. The 
two pumps have different operating mode, the submersible pump in the “reservoir” was set to run 
continuously during the experiment, while the submersible pump in the experiment tank was set to run 10 
min every 2 h. 
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Figure 3-4 Modification of sampling methods to reflect the distribution and biomass change of 
Microcystis.  

A, the intended content of samples of the five sampling methods; B, the distribution layer of different 
form of Microcystis during the Microcystis consumption process by Bellamya aeruginosa, the sample 
layers corresponding to different sampling methods are also shown. 
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Figure 3-5 Vertical distribution pattern of Bellamya aeruginosa under no aeration, modified aeration and 
traditional aeration conditions.  

The percentage of B. aeruginosa found at near surface area (0 - 10cm depth from surface) is shown. Data 
shown in mean (line) ± SD (red area, n = 4). 
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Figure 3-6  Comparison of turbidity changes during the experiment using traditional (control) and 
modified microcosm experiment systems. 

 A, microcosm tank operated with different initial turbidity level without snail. B, microcosm tank 
operated with different initial turbidity levels, 50 snails were placed in each group. Values given are mean 
± SD, n = 6.  
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Figure 3-7 Comparison of unicellular and colony-forming Microcystis aeruginosa Chl-a change after a 5 
d suspension feeding process by Bellamya aeruginosa using different sampling methods.  

 
Notes: 
Four different sampling methods were used to compare the results, including regular water sample 
(RWS), total water sample (TWS), float portion sample (FPS) and precipitate portion sample (PPS) 
Group identifier: U-LC, Negative control group with unicellular M. aeruginosa and modified aeration 
module; U-LM, experimental group with Unicellular M. aeruginosa, 50 snails and modified aeration 
module; C-LC: Negative control group with colony-forming M. aeruginosa, and modified aeration 
module; C-LM, experimental group with colony-forming M. aeruginosa, 50 snails and modified aeration 
module. 
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Figure 3-8 The temporal shift of the Microcystis aeruginosa in the surface-water column, benthic-water 
column, adhering to surface segment, and the entire system through the interval sampling of float portion 
sample (FPS), precipitate portion sample(PPS), and total precipitate sample (TPS) every 12 h.  

Left column: Experimental group with unicellular M. aeruginosa; Right column: Experimental group 
with colony-forming Microcystis aeruginosa; A, B, comparison of calculated RWS (FPS + PPS) and 
TWS(FPS+TPS); C, D, comparison of FPS over time; E, F, comparison of PPS over time; G, H, 
comparison of calculated adhering to surface segment (TPS - PPS).  Values given are mean ± SD, n = 6.  
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Figure 3-9 Buoyancy and structure difference of commercial strain Microcystis aeruginosa FACHB-905 
versus isolated strain Microcystis aeruginosa from the field.  

 
A, isolated Microcystis aeruginosa strain from the field sample are appear as colony and has mucilage 
around the outside of the cell; B, isolated strain from the field will float on surface; C, commercial M. 
aeruginosa strain are appearing as unicellular and no mucilage found outside of the cell; D, commercial 
strain is evenly distributed;  
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Figure 3-10 Unicellular Microcystis aeruginosa adhering to the glass tank surfaces due to contact with 
Bellamya aeruginosa foot mucus.  

A, unicellular M. aeruginosa evenly distributed in the tank; B, unicellular M. aeruginosa adhering to 
benthic surface.  
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Chapter 4 

Estimation of control efficiency of Bellamya aeruginosa on Microcystis 

aeruginosa under different silt and turbidity conditions 

4.1 Introduction 

The expanding incidence and intensity of cyanobacterial harmful algal blooms (CHABs) has led 

to much attention on the search for effective prevention and treatment techniques (Schindler 2006). 

Despite many chemical, physical and hydrological treatment methods having been developed as the 

remedy of the issue in the natural environment there have been increasing efforts in using foraging 

organisms (e.g. filter-feeding fish, zooplankton) to combat particular nuisance organisms (e.g. weeds, 

cyanobacteria) referred as a natural means of remediation. This biomanipulation strategy is the process of 

introducing or increasing the number of selected foraging organisms in the water body to regulate and 

even eradicate the growth of harmful cyanobacteria (Shapiro et al. 1975). For example, traditional 

biomanipulation increases the abundance and size of zooplankton (mainly large Daphnia species) that 

graze on phytoplankton (Hansson et al. 1998, McQueen 1998), whereas non-traditional biomanipulation 

does so by stocking of filter-feeding planktivorous fish (Xie and Liu 2001, Zhang et al. 2008).  

Although the biomanipulation strategy has been widely accepted and frequently applied in many 

water bodies (Mehner et al. 2004), organisms that could be used against cyanobacterial blooms are 

limited to only a few selected species of planktivorous fish and herbivorous zooplanktons (Gophen 1990, 

Benndorf et al. 2000, Kasprzak et al. 2002). Thus, the selection of appropriate potential biomanipulation 

organisms is an important aspect of expanding the application of biomanipulation, and the key criteria for 

selection include species that can either form a large stable population or have a high efficiency for 

cyanobacteria consumption.  

Freshwater gastropods occupy a wide range of ecological niches in freshwater ecosystems, and 

they can reach a high level of biomass under eutrophic conditions (Covich et al. 1999). As such, they can 

exert strong grazing pressure on periphyton and macrophytes (Chase and Knight 2006, Li et al. 2008, 
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Liebowitz et al. 2014). Thus far there are only limited studies about grazing pressure on phytoplankton 

species, especially on the bloom-forming cyanobacteria (Olden et al. 2013, Zhu et al. 2013a, Jin et al. 

2015).  One of the reasons for having only a sparse number of publications on this topic could be due to 

our limited understanding of how benthic gastropods use suspension feeding behaviour to graze on 

planktonic algae and cyanobacteria. In Chapter 2, I showed that suspension feeding behavior in Bellamya 

aeruginosa is very effective in capturing floating colony-forming Microcystis from the water body. 

However, Microcystis showed high survival rates in the suspension feeding process because they stay 

intact in pseudofaeces and faeces produced by Bellamya and are released back to water body in a 

relatively short time.  Thus, it is crucial to understand the actual control efficiency of Bellamya on 

Microcystis before this snail is considered as a suitable biomanipulation species for the control of 

CHABs. 

Microcosm experiments are widely used to study the foraging relationship (grazing 

pressure/control efficiency) between consumers and their prey. Because of the limitation in physical size 

and the relatively short duration of operation of the apparatus, microcosm experiments tend to overlook 

some of the important characteristics in the species of interest at the community and ecosystem levels. 

Therefore, the results yielded from microcosm experiments were often inconsistent, inconclusive, and 

sometime even controversial when comparing results from water bodies of different sizes (Drenner and 

Mazumder 1999). In Chapter 3, studies identified four major limitations in experiments using microcosms 

to study gastropods’ suspension feeding behaviour on floating Microcystis. To overcome these 

shortcomings, several modifications were made to the microcosm system design to accommodate more 

refined sampling methods and to allow assessment of the control efficiency of Bellamya on Microcystis 

more realistically. 

Furthermore, Bellamya is widely distributed in shallow water where sediment is plentiful or water 

is highly turbid. Our preliminary results showed that the presence of sediment in the microcosm 
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experiment significantly reduced the Microcystis biomass (Qu et al. 2010), but the role of sediment in 

increasing the control efficiency of Microcystis remains unknown. 

In this chapter, the control efficiency of Bellamya aeruginosa on Microcystis aeruginosa will be 

investigated in the modified microcosm experimental system described in Chapter 3. In addition, two 

major abiotic factors related to B. aeruginosa habitat, sediment and turbidity levels, were tested for their 

impacts on cyanobacterial control efficiency.  Visual observations and improved sampling methods 

described in Chapter 3 were also used to determine the potential role of these abiotic factors in controlling 

CHABs. 

4.2 Materials and methods 

4.2.1 Experimental animal collection and maintenance 

See 2.2.1 

4.2.2 Microcystis acquisition, culture, and processing for experiments 

See 3.2.2 

4.2.3 Microcosm experimental system 

Rectangular 40 L polypropylene tanks (39 x 53 x 32 cm, L x W x H) were used as experimental 

microcosms filled with dechlorinated tap water filtered through 0.8 µm filter paper. MA medium was 

used when experiments involved Microcystis. The experiment water consisted 5.09 mM of total N, 0.16 

mM of total P with 0 NTU turbidity and the experiment was conducted at 25ºC indoors, photo-period of 

L: D of 14: 10 h with full spectrum fluorescent lighting (Philip T5 6500K) at approximate 14 µmol · m-2 · 

s-1 at the water surface.  

Several modifications as described in Chapter 3 were adopted for the experiment, including a 

modified aeration module to minimize vertical mixture allowing Microcystis to form blooms on the 

surface (described in 3.3.4), a nylon partition to establish B. aeruginosa’s vertical distribution pattern 

mimicking their natural setting (described in 3.3.5), and a separate mixing reservoir tank to achieve the 

target water turbidity (described in 3.3.6), The improved sampling methods allow for precise sample 
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collection from the entire system, water column, surface-water column, benthic-water column, adhering 

to surface segment, and precipitate segment content precisely therefore the Microcystis degradation 

process can be more accurately examined (described in 3.3.7, Figure 3-4). 

4.2.4 Turbidity (clay) preparation  

See Chapter 3.2.8 

4.2.5 Sediment (silt) preparation  

Silt was collected directly from Dishui Lake (30.891963º N, 121.929593 º E) bed sediment 

through a sand and silt dredge sampler, it was then treated similarly to the silt as described above. it was 

categorized as “medium/fine silt” based on the Wentworth (1922) classification system (Table B.1). 

4.2.6 Experiment I: Evaluation of unicellular M. aeruginosa distribution and biomass change 

through the B. aeruginosa suspension feeding process under clear water conditions  

The experiment was performed using indoor microcosm experiments described in 4.2.3. Detailed 

experimental settings are listed in Table 4-1. Unicellular M. aeruginosa was used as target species, A 

modified aeration module was used in the experiment. The initial amount of M. aeruginosa was set to 65 

mg� m-3 of Chl-a (equivalent to 1.5 x 106 cells � mL-1). Three different density groups with 25, 50, and 

100 individual B. aeruginosa (~2.5 g each snail), represented low density, median density, and high 

density. The experiments lasted for 120 h. Four replications were conducted for each treatment. The 

improved water sampling technique described in 3.2.7 was used to collect water and sediment samples 

from different layer. FPS, PPS, and TPS were collected every 12 h to reflect the cyanobacteria content in 

surface-water column, benthic-water column, precipitate segment respectively. RWS, TWS, FPS, PPS, 

TPS were collected for all groups by the end of experiment to reflect the cyanobacteria content in the 

water column, the entire system, surface-water column, benthic-water column, and precipitate segment 

respectively. Cyanobacteria amount of was determined through Chl-a content (International Organization 

for Standardization 1992). Although we did not take RWS and TWS samples during the experiment (to 
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minimize sampling impact on the experiment), the Chl-a of these samples can be estimated through Eq. 3-

1, Eq. 3-2, and Eq. 3-3.  

4.2.7 Experiment II: Evaluation of colony-forming M. aeruginosa distribution and biomass change 

through B. aeruginosa suspension feeding process under clear water 

Experiments were performed in a similar manner to that of the unicellular M. aeruginosa 

experiment described above. Detailed experimental settings are listed in Table 4-1. Colony-forming 

Microcystis collected from Lake Taihu were used as the target species. Three different density groups 

with 25, 50, and 100 individual B. aeruginosa (approximate 2.5 g each snail), represented low, mid and 

snail density. The normal aeration module and modified aeration module described in 3.2.4 were used to 

compare the difference in impact of cyanobacterial vertical distribution on the control efficiency. Three 

different B. aeruginosa distribution patterns were considered in the experiment, including no partitions, 

snails restricted to the benthic-water column using partitions, and snails restricted to the surface-water 

column using partitions. Four replications were conducted for each treatment. Sample collection methods 

were similar to those described in Section 4.2.6.  

4.2.8 Experiment III: Evaluation of colony-forming M. aeruginosa distribution and biomass change 

through B. aeruginosa suspension feeding process under different amounts of silt  

Experiments were performed in a similar manner similar to that of the clear water condition 

described in Experiment II. Detailed experimental settings are listed in Table 4-1. All groups in this 

experiment used colony-forming Microcystis with the medium density of B. aeruginosa (50 snails), and 

the modified aeration module described in 3.2.4. Three different silt treatments were set up in the 

experiment: 25 g of silt to form a very thin layer almost unmeasurable, 50 g of silt to form layer of 

approximate 2 mm thick, and 150g silt to form a layer of approximate 5mm thick. After silt was added to 

the experimental tank, it was permitted to settle over a 3-day period to allow the turbidity in the system to 

decrease to less than 10 NTU. Water turbidity was measured with a Turbidimeter (Hach 2100q). Four 

replications were conducted for each treatment. Sample collection was similar to that described in Section 
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4.3.6. Since it’s difficult to separate benthic-water column from the adhering to surface segment due to 

the presence of silt, the PPS sample was not taken. 

4.2.9 Experiment IV: Evaluation of colony-forming M. aeruginosa distribution and biomass change 

through B. aeruginosa suspension feeding process under different turbidities 

Experiments were performed in a similar manner to that of under different silt conditions 

described in Exp. III. Detailed experimental settings are listed in Table 4-1. Three turbidity conditions 

were set for the experiment, high (~120 NTU), mid (~50 NTU) and low (~30 NTU), respectively. This 

initial turbidity was measured 24 h after clay was added to the experimental system. All groups in this 

experiment used colony-forming Microcystis and a medium density of B. aeruginosa (50 snails), the 

modified aeration module and the same sample collection methods as in Section 4.3.8. Four replications 

were conducted for each treatment. 

4.2.10 Determination of control efficiency of B. aeruginosa on M. aeruginosa 

Cyanobacterial removal rate from the surface-water column (%) was calculated based on FPS 

data with the formula: 

 !!(#$) = 1 − )*+×)-.
)*.×/-+

×100%      Eq. 4-1 

Where Cc0 and Cct are the measured Chl-a of the negative control group at start time and at t h of 

the FPS samples, respectively; and Ce0 and Cet are the measured Chl-a of the experimental group at start 

time and at t h of the FPS samples, respectively.  

Cyanobacterial removal rate from the water column (RR(wc)) was calculated based on the same 

formula using RWS data. Cyanobacterial removal rate from the entire system (RR(es)) was calculated 

based on same formula using TWS water sample data instead. 

Maximum precipitate segment during the experiment (%) was determined based on PPS and 

TWS data with formula: 

234567 = 234	( 567.95:7.9
, 567.<5:7.<

… 567.>
5:7.>

)      Eq. 4-2 
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Where TPSt1, TPSt2, TPStn is the Chl-a of TPS sample at time 1, 2, till n, TWSt1, TWSt2, TWStn is 

the Chl-a of calculated TWS (i.e. FPS + TPS) at time 1, 2, till n. 

4.2.11 Experiment V: Estimation of pseudofaeces and faeces decomposition time produced under 

different silt and turbidity conditions 

To determine the decomposition time of pseudofaeces or faeces produced under different silt and 

turbidity conditions, pseudofaeces and faeces were each collected from the experiment 3.3.7 and 3.3.8 

with a dropper and transferred into one well of 12-well strip plates with 5mL MA medium. For the 

detailed method to estimate decomposition time, see Chapter 2.2.8, 2.2.9. 

4.2.12 Statistical analysis 

One-way ANOVA, student t-tests were used for statistical analysis in R version 3.2.1., 

significance is denoted (P < 0.05) unless otherwise indicated. 

4.3 Results  

4.3.1 Unicellular M. aeruginosa distribution and biomass change through the suspension feeding by 

B. aeruginosa under clear water conditions 

The Chl-a content change in the surface-water column, benthic-water column, adhering to surface 

segment, and the entire system after 120 h of experimentation are shown in Figure 4-1. In the negative 

control group containing only unicellular M. aeruginosa (U-LC), Chl-a of the entire system significantly 

increased by the end of experiment compared to the initial values (P < 0.01, n = 4). The surface-water 

column contributed 99 % of the system Chl-a, while Chl-a of the benthic-water column (P = 0.27, n = 4) 

and the adhering to surface segment (P = 0.43, n = 4) remained at less than 2 mg · m-3 by the end of 

experiment which was not significantly different from the initial value.  

In the experimental group with different numbers of snails (U-LH/LM/LL), Chl-a of the entire 

system at 120 h slightly increased compared to the initial value, but was significantly lower (P < 0.01, n = 

4) than the final value in the negative control group (U-LC). In addition, Chl-a of the surface-water 

column significantly decreased (P < 0.01, n = 4), while Chl-a of the benthic-water column and adhering to 

surface segment significantly increased compared with the corresponding samples in the negative control 
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group by the end of experiment (U-LC). By 120 h, Chl-a of precipitation segment (benthic-water column 

+ adhering to surface segment) contributed approximately 96, 93, and 75 % of the of the system Chl-a in 

the high, mid and low snail density groups, respectively. 

Comparing results among treatments with different snail densities, there was no significant 

difference in Chl-a of the entire system between the three snail density groups (P > 0.05, n = 4). However, 

Chl-a was significantly higher (P < 0.01, n = 4) of the surface-water column and the benthic-water 

column, and significantly lower (P < 0.01, n = 4) in the adhering to surface segment in the low snail 

density group (U-LL) compared to the corresponding samples in the high and mid snail density groups 

(U-LH, U-LM). 

To assess the temporal shift of proportion of M. aeruginosa in the surface-water column, benthic-

water column and adhering to surface segment, FPS, PPS and TPS samples were taken every 12 h (Figure 

4-2). Chl-a of the surface-water column in the negative control group (U-LC) showed an increase over the 

experimental period, but a linear decrease in the experimental groups (U-LH/LM/LL). Higher numbers of 

B. aeruginosa in the system led to a faster decrease of Chl-a in the surface-water column (Figure 4-2 A). 

Chl-a of the benthic-water column remained low at less than 1 mg · m-3 in the negative control group (U-

LC) over the experimental period. However, in the experimental group with low or mid snail density (U-

LL, U-LM), Chl-a of the benthic-water column showed a trend towards exponential growth initially i.e. 

rapid increase in the first 48 h followed by a slower increase till the end of the experiment, while the 

group with high density of snails (U-LH) showed a rapid increase in the first 48 h followed by a decrease 

(Figure 4-2 B). Chl-a of the adhering to surface segment in the negative control group showed less than 

1mg · m-3 over the experimental period, but this value in experimental groups showed an exponential 

increase over the experimental period with higher snail density leading to a higher increased rate for the 

adhering to surface segment (Figure 4-2 C). By combining the three layers of Chl-a data together, the 

calculated Chl-a of the entire system in the negative control group showed a linear increase over the 
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experimental period, while those of the experimental groups showed a slow decrease in the first 36 h, 

followed by an increase till the end of the experiment (Figure 4-2 D). 

4.3.2 Colony-forming Microcystis distribution and biomass change through the suspension feeding 

by B. aeruginosa under clear water conditions 

The Chl-a content change in the surface-water column, benthic-water column, adhering to surface 

segment, and the entire system after 120 h of experimentation are shown in Figure 4-3. Unlike unicellular 

Microcystis, colony-forming Microcystis that was directly collected from the field did not grow well 

during the experiment, with both the negative group with traditional aeration (C-TC) and modified 

aeration (C-LC) showing an approximate 13 % reduction of Chl-a in the entire system. There was no 

significantly difference between the two aeration settings (P = 0.29, n = 4). The surface-water column, 

benthic-water column and adhering to surface segment accounted approximate 95, 4, 1% of the system 

Chl-a respectively. 

In the experimental groups, the general trend showed a reduction of Chl-a of the entire system by 

120 h, however only three groups showed significantly lower system Chl-a than control groups 

(determined by P < 0.05). They were the traditional aeration group with mid snail density (C-TM), the 

limited aeration group with high snail density (C-LH), and the limited aeration group with mid snail 

density distributed at the surface (C-LM-DS) (Figure 4-3). Chl-a of the surface-water column accounted 

for over 80 % of the entire system Chl-a, only C-TM, limited aeration group with high snail density (C-

LH) and C-LM-DS group showed significantly lower surface-water column Chl-a than control group. 

Chl-a of the benthic-water column only accounted for less than 15 % of system Chl-a in all experimental 

groups except C-TM, only C-TM and C-LM-DS group showed significant higher chl-a comparing to 

control group. Chl-a of the adhering to surface segment showed less than 5% of system Chl-a in all 

experiment except C-TM, that C-TM group showed significant higher Chl-a comparing to control group  

When comparing the impact of different aeration conditions, Chl-a of the surface-water column, 

benthic-water column, adhering to surface segment as well as the entire system in the traditional aeration 

module (C-TM) were significantly lower than the values in group with the modified aeration module (C-
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LM). When comparing the impact of different densities of snails (C-LH, C-LM, C-LL), no significant 

difference was found regarding to all segments. When comparing different snail vertical distribution 

patterns (C-LM, C-LM-DB, C-LM-DS), only the group that snail distributed at the surface (C-LM-DS) 

had significantly lower Chl-a of the surface-water column, and the entire system than the corresponding 

samples in the group with snails distributed at the bottom (C-LM-DB) or the group with no restrictive 

partitions (C-LM).  

To assess the temporal shift of the proportion of Microcystis in the surface-water column, 

benthic-water column and adhering to surface segment, FPS, PPS and TPS samples were taken every 12 h 

(Figure 4-4). Chl-a of the surface-water column in negative control groups (C-TC, C-LC) showed linearly 

slow decreases during the experimental period. However, the trend in the experimental groups can be 

classified into two clusters. The first cluster including C-TM, C-LH, and C-LM-DS group, which showed 

sharp decreases in the first 12 h followed by a slow phase of decrease over time, whereas the remaining 

groups (C-LM, C-LL, C-LM-DB) formed the second cluster that showed slowly linear decreases over the 

entire experimental time period similar to the one seen in the negative control groups (Figure 4-4 A, B, 

C). Chl-a of the benthic-water column in the negative control groups (C-TC, C-LC) remained at less than 

3 mg�m-3 during the experimental period. On the other hand, among the experimental groups, only C-

TM showed increase of Chl-a over the experimental period, while other experimental groups showed 

similar patterns comparing to the negative control group (Figure 4-4 D, E, F). Analysis of Chl-a of the 

adhering to surface segment showed no increase in both of the control and experimental groups (Figure 

4-4 G, H, I). By combining the three layers of Chl-a data together, the calculated Chl-a of the entire 

system over time revealed that in the experimental groups, the change in Chl-a pattern was similar to the 

Chl-a of the surface-water column which was also found in C-TM, C-LH, and C-LM-DS groups. i.e., a 

sharp decrease in the first 12 h followed by slower decrease till end of the experiment. The remaining 

groups (C-LM, C-LL, C-LM-DB), however, had a slow linear decrease overtime similar to the negative 

control group (Figure 4-4 G, H, I).  
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4.3.3 Colony-forming Microcystis distribution and biomass change through the suspension feeding 

by B. aeruginosa in response to different silt level 

The Chl-a change in the surface-water column, precipitate segment, and the entire system after 

120 h of experimentation are shown in Figure 4-5. Chl-a of the entire system in control groups (C-LC & 

C-LC-SH) slightly decreased over the experiment, and there is no significant difference in Chl-a in 

response to the presence of silt (P = 0.19, n = 4). In addition, Chl-a of precipitate segment only accounted 

for less than 5% of the system Chl-a, and Chl-a of surface-water column accounted 95% of the system 

Chl-a. 

On the other hand, Chl-a of the entire system decreased in the experimental groups with the 

presence of silt the higher silt amount in the system led to lower final Chl-a. All three experimental 

groups with silt (C-LM-SH/SM/SL) showed significantly lower (determined by P < 0.01) Chl-a than the 

control groups (C-LC, C-LC-SH) and the experimental group without silt (C-LM). In addition, 

significantly increase of precipitate segment in all three experimental groups with silt (C-LM-SH/SM/SL) 

compared to the experimental group without silt (C-LM). Precipitate segment reached 36, 72 and 63 % of 

the system Chl-a in group with low, mid, and high amounts of silt, respectively, while the value was only 

11 % in the experimental group without silt (C-LM). 

To assess the temporal shift of portion of Microcystis in surface-water column and precipitate 

segment, FPS and TPS samples were taken every 12 h (Figure 4-5). Chl-a of the surface-water column 

showed a continuous decrease in all three experimental groups with silt (C-LM-SH, C-LM-SM, C-LM-

SL) in the first 36 h. After 36 h, the value in the mid and high silt groups (C-LM-SH, C-LM-SM) 

continued to decline, while the decreasing trend was reduced in the low silt group. On the contrary, Chl-a 

of the surface-water column in experimental group without silt (C-LM) fell after 12 h, then was restored 

at 24 h (Figure 4-5 A). Chl-a of the precipitate segment showed increase in experimental groups with 

different silt levels in the first 36 h. but slowly decreased over time till end of experimental period. 

(Figure 4-5 B). By combining Chl-a of the surface-water column and precipitate segment data together, 

calculated Chl-a of the entire system overtime showed rapid decrease at 12 h in all experimental groups. 
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However, after 12 h, Chl-a in the experimental group without silt (C-LM) was restored at 24 h and 

showed a similar trend to control groups after 24 h. While in groups with silt (C-LM-SH/SM/SL), the 

system Chl-a maintained a stable value from 12 h to 36 h, and a rapid decline was observed after 36 h, the 

higher silt level resulted in a faster rate of decline (Figure 4-5 C). 

4.3.4 Colony-forming Microcystis distribution and biomass change through the suspension feeding 

by B. aeruginosa in response to different turbidity level 

The Chl-a change in the surface-water column, precipitate segment, and the entire system after 

120 h of experimentation are shown in Figure 4-7. Similar to the experiments with different amount of silt 

(Exp III), Chl-a of the entire system in two control groups (C-LC & C-LC-BH) did not decrease 

significantly by the end of experiment (P = 0.30, n = 4). However, Chl-a of precipitate segment showed 

the benthic portion accounted for 16% of the total system Chl-a in the negative control group with 

turbidity (C-LC-BH), which is significant higher than that of in the negative control group with zero 

turbidity (C-LC). 

On the other hand, Chl-a of the entire system significantly decreased in the experimental groups 

with different turbidity levels, higher turbidity levels led to lower final Chl-a. All three experimental 

groups with different turbidity (C-LM-BH/BM/BL) showed significantly lower final system Chl-a than 

the two control groups (C-LC, C-LC-BH) and the group with zero turbidity (C-LM). In addition, Chl-a of 

the surface-water column in three experimental groups significantly decrease compared to the 

experimental group with zero turbidity (C-LM). Chl-a of the precipitate segment reached 63, 83, and 93% 

of the system Chl-a in the experimental group with low, mid, and high turbidity level, respectively, while 

this value was 14% in the experimental group with zero turbidity.  

To assess the temporal shift of proportion of Microcystis in surface-water column and 

precipitated segment, we took periodic samples every 12 h from FPS and TPS (Figure 4-8). Chl-a of the 

surface-water column showed rapid decreases in all three experimental groups with different turbidity in 

the first 36 h. Higher turbidity led to faster declines in Chl-a. By 36th h, Chl-a of the surface-water column 

had decreased by 63, 83, and 93 % in low, mid, and high turbidity level, respectively, while this value 
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was 23 % in the experimental group with zero turbidity (C-LM). After 36 h, Chl-a of the surface-water 

column remains at a low value in the experimental groups with different turbidities, while in the group 

with zero turbidity (C-LM), Chl-a of the surface-water column show slow decrease (Figure 4-8 A). Chl-a 

of the precipitate segment in the experimental groups with different turbidity showed rapid increases of 

precipitates in the first 36 h, then followed by a slow decreased, while the experimental group with zero 

turbidity (C-LM), the pattern of precipitate segment is similar to the control group (C-LC-BH, Figure 4-8 

B). By combining Chl-a of the surface-water column and precipitate segment together, the calculated Chl-

a of the entire system over time showed a linear decrease over time in experimental groups with different 

turbidities. In contrast, the group with zero turbidity showed a rapid decrease in 12 h, then recovered 

followed by a slowly decreased overtime. (Figure 4-8 C) 

4.3.5 Estimation of the control efficiency of B. aeruginosa on Microcystis  

The percentage of cyanobacterial removal from the surface, the water column and the entire 

system were calculated based on the Chl-a of the surface-water column, water column, and the entire 

system data measured at the end of experiments (Table 4-2). The experimental group with unicellular 

Microcystis (U-Lx) showed high reduction (> 80%) of cyanobacteria from the surface-water and the 

water column, but the overall removal from the entire system was less than 32 % in all groups. 

Furthermore, the experimental groups with colony-forming Microcystis in clear water (C-Tx, C-Lx, C-

LM-Dx) showed lower (< 40 %) removal rate from the surface water, the water column and the entire 

system with no significant differences between any of these values. When silt or turbidity was present (C-

LM-Sx, C-LM-Bx), removal from each was significantly increased. The removal rate from the surface 

reached over 90 % in the high turbidity (C-LM-BH), mid turbidity (C-LM-BM), high silt (C-LM-SH), 

and mid silt (C-LM-SM) groups, while the low silt (C-LM-SL) and low turbidity (C-LM-BL) groups also 

reached 58 and 83 %, respectively. The percentage removed from the water column and from the entire 

system in the low silt group (C-LM-SL) was 2.5 times higher than the non-silt group (C-LM), and this 

increase reached 4.5 times and 5.5 times for mid and high silt groups, respectively. Groups with different 



 

 

106 

turbidity levels (C-TM-Bx) showed similar results as different silt groups. Surface cyanobacteria removal 

reached 83, 91 and 97 % for the low, mid, and high turbidity groups, respectively, and cyanobacterial 

removal from the water column and the entire system increased 2.7, 4.9, and 5.5 times, respectively. 

Further analysis showed in the experiment with colony-forming Microcystis, that there was a 

linear relationship between total cyanobacterial removal rate and the maximum percentage of precipitate 

segment (MaxTPS) during the experiments (Table 4-2 & Figure 4-9). For example, in experiments 

conducted under the clear water, the highest Chl-a of precipitate segment value were recorded only 

accounted for less than 25% of TWS, whereas in the experiments conducted under different turbidity 

conditions, this value ranges from 40 to 90 %. 

4.3.6 Structure of pseudofaeces and faeces produced under different silt and turbidity conditions 

and their decomposition time 

Pseudofaeces collected from different silt groups (C-LM-Sx) appeared as rope shaped, green 

coloured (colour of Microcystis), soft, pliable and floating structures, and there was no structural 

difference compared to those of the no silt group (C-LM, figure see Chapter 2). On the contrary, 

pseudofaeces collected from turbidity experimental groups (C-LM-BH/BM/BL) were rope shaped, gray 

coloured (colour of silt), rigid, hard, and sunken structures (Figure 4-10). Furthermore, there was a higher 

percentage of suspended particles in the pseudofaeces found in higher turbidity treatments (data not 

shown).  

Decomposition of pseudofaeces showed in silt conditions were similar in time and pattern to the 

no silt group, but pseudofaeces collected from turbidity groups had significantly longer decomposition 

times. This trend was more obvious when they were cultured under turbulent conditions (P < 0.01, n = 

50). The median time for pseudofaeces to fully decompose under non-turbulent condition (i.e. reach stage 

5, decomposition status was defined in Table 2-3, and depicted in Figure 2-2) were 70, 96, and 120 h 

collected from the low, mid, and high turbidity condition, respectively, while this value was 17 h when 

pseudofaeces collected from zero turbidity condition, Similar patterns were also found when 

pseudofaeces were placed under turbulent conditions (Table 4-3). 
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The structure of faeces collected from different turbidity and silt groups were in fusiform, and 

possessed the colours of undigested colony-forming Microcystis (green) and suspended particles (gray) as 

clearly shown when observed under the microscope (Figure 4-11). In general, faeces in higher turbidity 

and silt groups contained more suspended particles per pellet. Decomposition time of these faeces 

significantly increased compared to the control group in clear water (Table 4-4). 

4.4 Discussion 

4.4.1 Properties of pseudofaeces & faeces under silt and turbidity conditions 

In this chapter, decomposition time of pseudofaeces and faeces collected from the experimental 

groups with sediment or turbidity were measured. The pseudofaeces from the sediment group showed 

short decomposition times similar to those from the clear water treatments. However, pseudofaeces from 

the turbidity group, and faeces from the sediment and turbidity group showed significantly longer 

decomposition times compared to those from the clear water group (Table 4-3, Table 4-4). The 

differences between their buoyancy, contents and structures could be the major reasons to explain their 

longer decomposition times.  

In Chapter 2, I showed that suspended solids (e.g. algae, floating cyanobacteria, silt, inorganic 

particles) were trapped by B. aeruginosa’s suspension filtering process. Pseudofaeces contents reflect the 

composition of suspended solids in the water surrounding B. aeruginosa. In the sediment groups, the 

surface layer water contains Microcystis only, thus pseudofaeces of B. aeruginosa are similar to those 

under the clear water conditions. However, in the turbidity group, clay (major particles that contribute to 

turbidity) were filtered by the snails and trapped in the pseudofaeces. Thus, these pseudofaeces were 

heavier than water and sank to the benthic layer. On the other hand, the contents of faeces varied 

depending on the dietary composition of B. aeruginosa. In the sediment group, benthic B. aeruginosa 

grazed on silt (major particles that contribute to sediment) occasionally, thus the faeces pallet contained 

silt and sank to the benthic layer. On the other hand, there was no measurable sediment in the benthic 
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layer of the turbidity group, but B. aeruginosa grazed on pseudofaeces that already contained clay and 

thus subsequent faeces also sank to the benthic layer.  

In Chapter 2, I showed that floating pseudofaeces and faeces are more likely to be affected by 

turbulence that accelerates the formation of rupture points that reduce their decomposition time. Similar 

phenomena were found when comparing sunken and floating pseudofaeces and faeces containing 

Microcystis. Sunken pseudofaeces and faeces have much longer decomposition times under turbulent 

conditions than floating pseudofaeces and faeces (Table 4-3, Table 4-4). 

In addition to buoyancy, silt or suspended solids strengthen the structure of pseudofaeces and 

faeces. In Chapter 2, it is shown that during pseudofaeces production, mucilage and cyanobacteria form 

layers and together they are rolled and rotated when passing through the food groove complex. In the 

turbidity group, clay becomes one of the “ingredients” of pseudofaeces in the mixing process, making 

pseudofaeces robust in a similar manner to that of a concrete production process. As a result, 

pseudofaeces can maintain a stable structure for a long time. Faeces produced under clear water 

conditions decomposed rapidly through rupture points, and faeces containing Microcystis could actually 

burst (Chapter 2). When silt or clay was present in the faeces, they helped to stabilize the faeces structure, 

and significantly reduced the chances of faeces rupturing. In addition, when rupture points were formed, 

silt acted as a physical barrier at the rupture points, blocking Microcystis from escaping from the faeces. 

4.4.2 Control efficiency of B. aeruginosa on unicellular M. aeruginosa under clear water condition 

and proposed control mechanisms 

When unicellular M. aeruginosa was used as the test species for control, B. aeruginosa showed 

high cyanobacterial removal rates (> 80 %) from both the surface water and the water column. However, 

the amount of M. aeruginosa in the entire system was not reduced effectively (< 32 %, Table 4-2). The 

possible explanation of such inconsistency is that free M. aeruginosa were concentrated through the 

suspension feeding process and became the major content of pseudofaeces and faeces. Pseudofaeces and 

faeces were then adhering to the various surfaces due to the stickiness of their mucilagious layers or via 
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their contact with the foot mucus secretions of B. aeruginosa. The detailed degradation pathway of 

unicellular Microcystis is illustrated schematically in Figure 4-12 A. 

Bellamya aeruginosa are capable of directly capturing unicellular M. aeruginosa from the water 

body through their suspension filtering mechanism because unicellular M. aeruginosa cells are evenly 

distributed (Figure 4-12 A-1). During the suspension filtering process, M. aeruginosa was concentrated in 

pseudofaeces and was either grazed or released back to the water body (Figure 4-12 A-2). Both floating 

and sunken pseudofaeces decomposed within a few hours and live M. aeruginosa released back to a free-

roaming status again (Figure 4-12 A-3). But sunken pseudofaeces may adhere to solid surfaces when 

contact occurred with the B. aeruginosa sticky foot mucus and thus they were unable to return to the 

water column (Figure 4-12 A-4). This finding was also supported by another study of a freshwater 

gastropod Elimia potosiensis, where the foot mucus showed the function of adherence of microalgae 

forming a biofilm (Skiold-Hanlin 2015). Only sunken pseudofaeces were grazed by the B. aeruginosa and 

the subsequent faeces released containing a high percentage of intact M. aeruginosa due to its low 

digestibility in the snail (Figure 4-12 A-5,6). Similar to pseudofaeces, the floating faeces quickly released 

M. aeruginosa cells to the water body, but sunken faeces were either released to the water column, grazed 

by the snails, or adhered to sediment surfaces by snail-foot mucus (Figure 4-12 A-7, 8). 

The temporal shift of relative proportions of M. aeruginosa in the surface-water column, benthic-

water column and adhering to surface segment supported the proposed degradation pathway. Chl-a 

concentration of the surface-water layer decreases over time, and higher snail density led to faster Chl-a 

reduction (Figure 4-2 A). This trend indicates that 1) the suspension filtering of B. aeruginosa continues 

capturing M. aeruginosa and reducing their numbers in the water column, 2) vertical distribution of snails 

does not affect their suspension filtering to M. aeruginosa, and 3) high density of snails led to faster 

cyanobacteria removal from surface-water column. Chl-a of the benthic-water column showed a growth 

trend (Figure 4-2 C). The Chl-a of benthic-water column change reflects the accumulation, 

decomposition, and adhering to surface process of pseudofaeces and faeces. The production of sunken 
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pseudofaeces and faeces containing live M. aeruginosa by the snail increase the Chl-a at the benthic-

water layer, while the decomposition process of pseudofaeces and faeces as well as adhering to surface 

process by the snail-foot mucus reduces containing M. aeruginosa in this layer. The Chl-a of the adhering 

to surface segment showed significant increases over the experimental period (Figure 4-2 C), suggesting 

M. aeruginosa form pseudofaeces and faeces continuously adhering to the solid surfaces. 

4.4.3 Control efficiency of B. aeruginosa on colony-forming Microcystis under different water 

conditions and proposed mechanisms of control 

Unlike unicellular M. aeruginosa, when colony-forming Microcystis were used, we observed less 

than 25% of Microcystis removal from the entire system (Table 4-2).  Furthermore, increasing B. 

aeruginosa density in the system (C-LH), increasing physical overlap of B. aeruginosa and colony-

forming Microcystis through aeration mixing (C-TM), or limiting B. aeruginosa distribution at the surface 

(C-LM-DS) only slightly increased the control efficiency. However, when sediment or turbidity were 

added to the system, the control efficiency improved correspondingly (Table 4-2). The difference of 

control efficiently under different conditions can be explained through the proposed degradation pathway 

shown in Figure 4-12 B, C, D. 

Since colony-forming Microcystis mainly are distributed near the surface, B. aeruginosa need to 

migrate to the surface in order to gain access to the cyanobacteria (Figure 4-12 B-1, C-1, D-1). After the 

suspension filtering process, Microcystis are concentrated in pseudofaeces and will be either grazed or 

released back to the water body. However, different experimental conditions lead to different buoyancies 

of pseudofaeces. Under clear-water or sediment conditions, floating pseudofaeces were the majority form 

(Figure 4-12 B-2, C-2,) while in turbidity conditions, the clay as the major particles that contribute to 

turbidity was also filtered, resulting in high density of pseudofaeces that sink into the benthic zone 

(Figure 4-12 D-2). The floating pseudofaeces cannot be grazed by B. aeruginosa, and the rapid 

decomposition of such pseudofaeces will cause Microcystis to be released back to the water body (Figure 

4-12 B-3, C-3). Pseudofaeces that sink or contain clay has a longer decomposition time allowing them to 

be grazed by the B. aeruginosa at the benthic zone (Figure 4-12 B-4 C-4 D-3). The low digestive ability 
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results in faeces containing a high amount of undigested Microcystis. Similar to pseudofaeces, faeces 

either float or sink depending on if it contains clay or silt. Most of them float under clear water conditions 

(Figure 4-12 B-5), while sunken faeces are the major form found in the sediment and turbidity groups 

(Figure 4-12 C-4,5 D-3,4). Again, Microcystis in floating faeces will be released to the water body at a 

fast rate (Figure 4-12 B-6), but sunken faeces can be grazed by B. aeruginosa and digestion efficiency on 

Microcystis may increase through the secondary ingestion process (Figure 4-12 C-6, D-5). The sunken 

faeces that are not grazed also have a long decomposition time, which prevents undigested Microcystis 

from being released back to the water body (Table 4-4), and reduces Microcystis viability. 

The temporal shift of relative proportion of Microcystis in the surface-water column, benthic-

water column and adhering to surface segment also supported the proposed degradation pathway. Under 

clear water conditions, Chl-a of the surface-water column slightly decreased over time, suggesting a very 

low suspension filtering ability of B. aeruginosa on Microcystis due to the low physical distribution 

overlap (Figure 4-4 A, B, C). The benthic-water column of cyanobacteria did not increase significantly 

over the experimental period suggesting pseudofaeces and faeces mainly float on the surface or have been 

rapidly decomposed if they ever sink (Figure 4-4 D, E, F). In additional, low Chl-a of the adhering to the 

surface segment suggested that colony-forming Microcystis cannot be trapped by snail mucus (Figure 4-4 

G, H, I). Increased physical overlap between B. aeruginosa and colony-forming Microcystis through 

water mixing or limiting snail distribution at the surface, as well as increased snail density only 

temporarily reduces the surface-water layer Chl-a, but the Chl-a in the entire system was not be reduced 

significantly (Figure 4-4 C-TM, C-LH, C-LM-DS). 

However, in the experimental group with sediment, during the first 48 h, Chl-a in the surface-

water column decreases (Figure 4-6 A). In the same period, the precipitated portion increases (Figure 4-6 

B). However, Chl-a in the overall system did not drop significantly (Figure 4-6 C). These results suggest 

that floating Microcystis are translocated to the benthic zone through the suspension feeding process, but 

they remain alive due to poor digestion efficiency by the snails. After 48 h, Chl-a decreased in the 
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surface-water column, precipitate segment, as well as the entire system, suggesting the combined effect of 

secondary rounds of digestion and silt in faeces was detrimental to the Microcystis. Higher amounts of silt 

would lead to faster reduction of Chl-a in the system.  

Similar to the sediment group, the turbidity group showed a rapid drop in the surface-water 

column and a rapid increase of the precipitated segment within 24 h, suggesting floating Microcystis were 

trapped in pseudofaeces and faeces, and quickly sank. By 36 h, Chl-a in the surface-water column had 

decreased to less than 10 mg�m-3, while the precipitate segment accounted for 80% of the system’s Chl-

a. After 36 h, the Chl-a in the surface-water column didn’t increase, and a decrease of the Chl-a in 

precipitated segment was detected, suggesting the decline of Microcystis in sunken pseudofaeces and 

faeces is either through a second round of the digestion process or by direct cyanobacterial death. These 

results suggest that effective suspension filtering of Microcystis and low decomposition rate of sunken 

pseudofaeces and faeces are the two determinant factors for the success of Microcystis elimination. 

The degradation pathway also indicates that increased physical overlap between B. aeruginosa 

and colony-forming Microcystis or increased density of B. aeruginosa may only contribute to the Step 1 

and 4 as described in Figure 4-12. However, since these are not the rate-limiting steps, the control 

efficiency would not be significantly improved. 

4.4.4 Properties of pseudofaeces and faeces dictated the ability and efficiency of control on floating 

Microcystis 

The analysis of the Microcystis degradation pathway showed that pseudofaeces and faeces are the 

key intermediate vehicles to facilitate the degradation process of Microcystis. In addition, the buoyancy 

properties of pseudofaeces and faeces (i.e. floating or sunken), result in different degradation pathways 

(Figure 4-12).  

Bellamya uses suspension filtering to capture floating colony-forming Microcystis and to produce 

pseudofaeces containing mucus coated Microcystis. The suspension filtering process is not a detriment to 

Microcystis, and the pseudofaeces containing Microcystis float and decompose rapidly releasing viable 
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Microcystis back to the water body. Since pseudofaeces float at the surface, only small portions of 

pseudofaeces can be grazed by B. aeruginosa. The snails also showed low digestive ability on 

Microcystis. Furthermore, faeces produced by the snail had as low density as the pseudofaeces. They 

ruptured rapidly and the undigested Microcystis were released back to the water body too. The combined 

effect described above resulted in low control efficiency towards Microcystis. Increased physical overlap 

between B. aeruginosa and colony-forming Microcystis or increased density of snails may only 

contribute to the Step 1 and 4 as described in Figure 4-12. However, since these are not the rate-limiting 

steps, the control efficiency would not be significantly improved. 

In contrast, when sediment or suspended particles are present in the system, the control efficiency 

of Microcystis was significantly improved due to several alterations that occurred in the pseudofaeces and 

faeces. Suspended particles increased the density of the pseudofaeces and faeces, they both settled to the 

benthic zone allowing Bellamya to graze on them. In addition, their longer decomposition times increased 

the chances for them to be grazed on.  Moreover, the ingestion of faeces containing silt or suspended 

particles significantly increased the digestion rate of Microcystis. Silt and suspended particles that 

wrapped the cyanobacteria enhanced the robustness of the pseudofaeces and faeces structurally, 

significantly increasing the time for them to decompose.  As such, this reduced Microcystis viability 

presumably by preventing them from being able to photosynthesize. Therefore, the vertical distribution of 

pseudofaeces and faeces, as well as their structural robustness determines the degradation pathway and 

control efficiency of Microcystis. 

4.4.5 Measurement of sunken Microcystis as an indicator for the prediction of the efficiency of 

control 

In this chapter, there was a linear relationship between total cyanobacterial removal and the 

maximum total precipitated portion (MaxTPS) during experiments (Table 4-2, Figure 4-9). Since TPS are 

mainly consisting of sunken pseudofaeces and faeces that containing live Microcystis, this relationship 

suggest that when higher amounts of Microcystis were moved to the benthic zone in the form of 

pseudofaeces and faeces, it led to a higher Microcystis elimination rate. 
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In addition, the finding of this relationship suggests that it may be feasible to use TPS to predict 

the Microcystis control efficiency. For example, in the experiments conducted under high turbidity 

conditions (C-LM-BM), at 24 h the Chl-a in the entire system only dropped by 25%, whereas TPS 

accounted for 82.5% of the entire system Chl-a at this time (TWS). This means that 82.5% of the 

Microcystis were carried to the benthic zone in the form of pseudofaeces and faeces. At this early stage, 

this index can be used to predict that high cyanobacterial removal would occur in the system and there is 

no need to wait for an additional 4 days until system Chl-a to drop to < 10 mg �m-3. As discussed above, 

although Microcystis are still viable in the pseudofaeces or faeces, the degradation pathway indicated that 

most of the Microcystis in the sunken pseudofaeces and faeces would be eradicated in the next few days 

either through grazing by B. aeruginosa or death because of adverse environmental conditions.  

This finding has the potential to be applied in the field to access the efficiency of biomanipulation 

using Bellamya to control Microcystis blooms. Traditionally, it’s difficult to evaluate the effectiveness of 

biomanipulation because the uneven distribution pattern of Microcystis makes monitoring of changes in 

their biomass very difficult. In contrast, benthic samples are relatively easy to obtain and if benthic 

samples show significant increases in Microcystis in a short time, then it is plausible that the 

biomanipulation through Bellamya is effective, and vice versa. However, more studies are needed to 

understand if this relationship exists when using Bellamya to control other harmful cyanobacteria, and if 

this method is suitable for field applications under different environmental conditions. 

4.5 Conclusion 

Selecting suitable organisms is one of the key steps for biomanipulation strategies used to combat 

the expanding incidence and intensity of cyanobacterial harmful algal blooms (CHABs). Chapter 3 

showed that suspension feeding of Bellamya aeruginosa is very effective in removing floating 

Microcystis from the water column. However, Microcystis had high survival rate after passing through the 

suspension feeding process, remaining alive in the pseudofaeces and faeces produced by Bellamya that 

can be released back to the waterbody in a short time. Thus, the actual control efficiency of B. aeruginosa 
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on Microcystis remains unknown. Using the improvements implemented in the microcosm experimental 

system described in Chapter 3, a series of experiments were conducted to estimate the actual control 

efficiency of Bellamya aeruginosa on Microcystis aeruginosa in the laboratory conditions. In addition, 

the amount of sediment and turbidity levels, the two major abiotic factors associated with the habitat of B. 

aeruginosa, were considered and their impact on the control efficiency was investigated. The results 

showed that under clear water conditions, over 80% of the cyanobacteria was removed from water 

column when unicellular M. aeruginosa were used in the experiment. However, most of the M. 

aeruginosa translocated from the water column to adhering to surface segment, result in less than 30 % 

total cyanobacterial removal from the entire system. Higher densities of snail led to faster and significant 

cyanobacteria removal from the water column, but no effect on the overall cyanobacteria removal. On the 

other hand, when using colony-forming Microcystis as the target species, less than 35% of Microcystis 

were removed from both the water column and the entire system. In addition, neither increases in B. 

aeruginosa density nor spatial overlap of the two studied species improved the cyanobacterial removal 

rate. But when different sedimentation amounts or turbidity levels were manipulated in the system, 

significant increases in cyanobacterial removal from the water column and the entire system were 

achieved. Higher amounts of sediment and turbidity led to higher Microcystis removal rates. Based on 

Chl-a measurements over time from the substrate surface, benthic and floating surface layers and the 

analysis of pseudofaeces and faeces properties and decomposition times, the possible control mechanism 

of B. aeruginosa on M. aeruginosa can be explained: 1) B. aeruginosa use suspension filtration to capture 

floating colony-forming cyanobacterial species Microcystis aeruginosa and produce pseudofaeces 

containing M. aeruginosa removing them from the water column; 2) Rate of suspension filtration depends 

on distribution overlap of B. aeruginosa and M. aeruginosa; 3) The suspension filtration is not 

detrimental to M. aeruginosa as the pseudofaeces containing M. aeruginosa float, decompose rapidly, and 

release viable Microcystis back to the water body; 4) B. aeruginosa showed low grazing ability to floating 

pseudofaeces, but it can graze on pseudofaeces that remain on the bottom; 5) Faeces produced by 
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Bellamya have as low density as pseudofaeces, ruptured rapidly and subsequently released undigested 

Microcystis back to the water body causing secondary blooms. The combined effect of points 2 - 5 

resulted in a low control efficiency; 6) Silt or turbidity significantly improved control efficiency on 

Microcystis due to alterations in pseudofaeces and faeces. Suspended particles and silt increased the 

density of pseudofaeces and faeces, respectively, so they settled to the bottom allowing increased grazing 

and ingestion rates, and led to significantly increased digestion. In addition, silt and suspended particles 

wrapped with M. aeruginosa in the pseudofaeces and faeces enhanced structural robustness, significantly 

increasing decomposition time, and therefore reduced M. aeruginosa viability. 
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Table 4-1 Group settings to evaluate Microcystis aeruginosa distribution and biomass change through Bellamya aeruginosa suspension feeding 
process (replications n = 4) 

 

Group 
identifier 

Microcystis 
configuration 

Aeration 
module* 

Number of 
Snails  

Other 
treatment 

Water sampling 
methods§ 

Experiment ID 

U-LC Unicellular 
Microcystis 
Aeruginosa 

 
Limited 

- Negative control Interval (every 12 
hour) 
FPS, PPS, TPS 
 
End of experiment: 
TWS, RWS, FPS, 
PPS, TPS 

I    
U-LH 100  I    

U-LM 50  I    
U-LL 25  I    

C-TC  
 
 
 

 

 
Colony-
forming 

Microcystis sp. 

Traditional - Negative control  II   
C-TM 50   II   
C-LC  

Limited 
 

- Negative control  II  III IV 
C-LH 100   II   
C-LM 50   II   
C-LL 25   II   

C-LM-DS 50 
 

Snail at surface  II   
C-LM-DB Snail at benthic  II   
C-LC-SH  

Limited 
- Negative control Interval  

(every 12 hour) 
FPS, TPS 
 
End of experiment: 
TWS, RWS, FPS, 
TPS 

  III  
C-LM-SH  

50 
High silt (150 g)   III  

C-LM-SM Mid silt (50 g)   III  
C-LM-SL Low silt (25 g)   III  
C-LC-BH  

Limited+ 
- Negative control    IV 

C-TM-BH  
50 

High Turbidity (120 NTU)    IV 
C-TM-BM Mid Turbidity (50NTU)    IV 
C-TM-BL Low Turbidity (20 NTU)    IV 
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Table 4-1 continued 
Notes: 
Group identifier format: ‘1-23-45’, where ‘1’ stand for Microcystis configuration, ‘2’ stand for aeration module, ‘3’ stand for number of snails, 
‘45’ stand for other treatment including snail distribution pattern, different silt level or different turbidity level. Here ‘1’ is either ‘U’, unicellular 
Microcystis, or ‘C’, colony-forming Microcystis; ‘2’ is either ‘T’, traditional aeration module; or, ‘L’, modified aeration module; ‘3’ is either ‘H’, 
high density of snails (100 snails); ‘M’, mid density of snails (50 snails); or ‘L’, low density of snails (25 snails); ‘45’ is either ‘DS’, snail 
distribution at surface, ‘DB’, snail distribution at benthic, ‘SH’, high silt level, ‘SM’, mid silt level, ‘SL’, low silt level; ‘BH’, high turbidity level, 
‘BM’, mid turbidity level, or ‘BL’, low turbidity level. 
 
* Aeration module information is described in section 3.2.4 
+ Limited aeration with pump and reservoir is described in section 3.2.6 
 
§Water sampling methods:  
FPS: floating portion sample; PPS, precipitated portion sample, TPS: total precipitated sample; They were collected every 12 h to reflect the 
cyanobacteria content in surface-water column, benthic-water column, precipitate segment respectively.  
RWS: Regular water sample; TWS: total water sample; They were collected at the end of experiment to reflect the cyanobacteria content in water 
column and entire system. Detail sampling methods see 3.2.7. 
 
Experiment ID and objectives: 
I: To evaluate Unicellular Microcystis aeruginosa distribution and biomass change through Bellamya aeruginosa suspension feeding process on 
under clear water conditions 
II: To evaluate colony-forming Microcystis distribution and biomass change through Bellamya aeruginosa suspension feeding process on under 
clear water conditions 
III: to evaluate colony-forming Microcystis distribution and biomass change through Bellamya aeruginosa suspension feeding process with 
different amount of silt 
IV: to evaluate colony-forming Microcystis distribution and biomass change through Bellamya aeruginosa suspension feeding process at different 
turbidities 
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Table 4-2 Comparison of Microcystis removal rate from the surface-water column, from the water column and from the entire system under 
different experimental conditions 

Group 
identifier 

Algae 
species 

 
Aeration 

Snail 
Density 

Other 
treatment 

Max PP during 
experiment (%) 

Microcystis removal from 
Surface-water 
column (%) 

Water 
column (%) 

Entire 
system (%) 

U-LH Unicellular 
Microcystis 
Aeruginosa 

 
Traditional 

High  32 97 92 32 
U-LM Mid  27 94 84 25 
U-LL Low  23 80 59 18 
C-TM  

 
 
 
 

Colony-
forming 

Microcystis 

Traditional Mid  31 51 32 24 
C-LH  

Limited 
High  23 35 29 23 

C-LM Mid  18 24 15 14 
C-LL Low  15 20 16 13 
C-LM-DS Limited Mid 

 
Snail at surface 20 42 33 31 

C-LM-DB Snail at benthic 6 6 6 5 
C-LM-SH  

Limited 
 

Mid 
High silt 88 99 84 77 

C-LM-SM Mid silt 42 92 65 64 
C-LM-SL Low silt 27 58 35 35 
C-TM-BH  

Limited* 
 

Mid 
High Turbidity 88 97 81 83 

C-TM-BM Mid Turbidity 80 91 74 68 
C-TM-BL Low Turbidity 50 83 41 38 

*Limited aeration with pump & reservoir described in 3.3.6 
 
Notes: 
Group identifier format: see Table 4-1   
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Table 4-3 Decomposition time of Bellamya aeruginosa pseudofaeces containing colony-forming Microcystis collected from silt and turbidity 
group 

 

 
Group identifier 

Pseudofaeces 
buoyancy 

Medium time to reach each stage (h) 
Stage 2 Stage 3 Stage 4 Stage 5 

Non-turbulent condition      
 C-LM (Control) float 6 9 13 17 

C-LM-SL float/sink 7 11 15 22 
C-LM-SM float/sink 11 13 19 21 
C-LM-SH float/sink 11 14 18 22 
C-LM-BL sink 21 33 48 70 
C-LM-BM sink 34 48 78 96 
C-LM-BH sink 45 69 91 120 

Turbulent condition      
 C-LM (Control) float 0.8 1.2 1.6 2.2 

C-LM-SL float/sink 1 1.8 2 3 
C-LM-SM float/sink 2 2 3 4 
C-LM-SH float/sink 3 4 4 4 
C-LM-BL sink 7.5 10 15 22 
C-LM-BM sink 22 31 40 49 
C-LM-BH sink 35 50 69 82 

 

Notes: 
Group identifier format: ‘1-23-45’, where ‘1’ stand for Microcystis configuration settings, ‘2’ stand for aeration module settings, ‘3’ stand for 
number of snails, ‘45’ stand for different silt level or different turbidity level.  
Here ‘1’ is ‘C’, colony-forming Microcystis; ‘2’ is ‘L’, modified aeration module; ‘3’ is ‘M’, mid density of snails (50 snails ‘45’ is either ‘SH’, 
high silt level, ‘SM’, mid silt level, ‘SL’, low silt level; ‘BH’, high turbidity level, ‘BM’, mid turbidity level, or ‘BL’ low turbidity level.  
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Table 4-4 Decomposition time of Bellamya aeruginosa faeces containing colony-forming Microcystis collected from silt and turbidity group 

 

Faeces collected from 
Group identifier 

Buoyancy Medium time to reach each stage (h) 
Stage 2 Stage 3 Stage 4 Stage 5 

Non-turbulent condition      
 C-LM  float 2.5 4.2 5.2 6.5 

C-LM-SL sink 7 11 15 20 
C-LM-SM sink 17 24 29 37 
C-LM-SH sink 28 41 57 78 
C-LM-BL sink 15 23 30 47 
C-LM-BM sink 30 42 69 87 
C-LM-BH sink 54 79 105 110 

Turbulent condition      
 C-LM  float 1.5 2.5 2.7 3 

C-LM-SL sink 4 6 8 10 
C-LM-SM sink 9 14 18 22 
C-LM-SH sink 20 30 41 57 
C-LM-BL sink 9 15 19 25 
C-LM-BM sink 22 27 39 60 
C-LM-BH sink 40 50 72 88 

 

Notes: 
Group identifier format: ‘1-23-45’, where ‘1’ stand for Microcystis configuration settings, ‘2’ stand for aeration module settings, ‘3’ stand for 
number of snails, ‘45’ stand for different silt level or different turbidity level.  
Here ‘1’ is ‘C’, colony-forming Microcystis; ‘2’ is ‘L’, modified aeration module; ‘3’ is ‘M’, mid density of snails (50 snails ‘45’ is either ‘SH’, 
high silt level, ‘SM’, mid silt level, ‘SL’, low silt level; ‘BH’, high turbidity level, ‘BM’, mid turbidity level, or ‘BL’ low turbidity level. 
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Figure 4-1 Proportion of chlorophyll-a change in the surface-water column, benthic-water column, 
adhering to surface segment, and the entire system after 120 h of experimental period. Experimental 
groups consist of different densities of Bellamya aeruginosa feeding on unicellular Microcystis 
aeruginosa under clear water conditions. 

 
Notes: 
Group identifier: U-LC, Negative control group, no snail; U-LH, high B. aeruginosa density (100 snails); 
U-LM, Medium B. aeruginosa density (50 snails); U-LL: Low B. aeruginosa density (25 snails).  
 
Bars denote standard deviation (n=4); *, indicates that mean the sample is statistically different compared 
with the corresponding samples in negative control group (U-LC) at 120 h (P < 0.05)  
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Figure 4-2 Proportion of chlorophyll-a change in the surface-water column, benthic-water column, 
adhering to surface segment, and the entire system over the experimental period. Experimental groups 
consist of different densities of Bellamya aeruginosa feeding on unicellular Microcystis aeruginosa under 
clear water condition. 

 
Notes: 
A, Chl-a change of surface-water column B, Chl-a change of benthic-water column; C, Chl-a change of 
adhering to surface segment; D, Chl-a change of the entire system. 
Group identifier: U-LC, Negative control group, no snail; U-LH, high B. aeruginosa density (100 snails); 
U-LM, Medium B. aeruginosa density (50 snails); U-LL: Low B. aeruginosa density (25 snails); Each 
datum represents the mean ± SD (n = 4).  
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Figure 4-3 Proportion of chlorophyll-a change in the surface-water column, benthic-water column, 
adhering to surface segment, and the entire system after 120 h of experimental period. Experimental 
groups consist of different density of Bellamya aeruginosa feeding on colony-forming Microcystis 
aeruginosa under clear water condition. Different aeration settings and snail distribution patterns were 
also tested. 

 
Notes:  
Group identifier: C-TC, negative control group with traditional aeration; C-LC, negative control group 
with modified aeration; C-TM, experimental group with traditional aeration and mid snail density; C-LH, 
C-LM, C-LL: experimental group with modified aeration and high, mid, low snail density respectively; 
C-LM-DB: experimental group with modified aeration, mid snail density and snail distribution at benthic 
only; C-LM-DS, experimental group with modified aeration, mid snail density and snail distribution at 
surface only. 
*, indicates significant difference of this samples compared with the corresponding samples in negative 
control group (U-LC) at 120 h (P<0.05)  
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Figure 4-4 Proportion of chlorophyll-a change in the surface-water column, benthic-water column, 
adhering to surface segment, and entire system over the experimental period. Experimental groups consist 
of different densities of Bellamya aeruginosa feeding on colony-forming Microcystis aeruginosa under 
clear water conditions. Different aeration settings and snail distribution pattern were also tested. 

Notes: A, B, C, Chl-a change of surface-water column; D, E, F, Chl-a change of benthic-water column; 
G, H, I, Chl-a change of adhering to surface segment; J, K, L, Chl-a change of the entire system; 
Group identifier: C-TC, Negative control group with traditional aeration; C-LC, Negative control group 
with modified aeration; C-TM, experimental group with traditional aeration and mid B. aeruginosa 
density (50 snails); C-LH, C-LM, C-LL: experimental group with modified aeration, and high (100), 
mid (50), low (25) B. aeruginosa density respectively; C-LM-DB, experimental group with modified 
aeration, mid B. aeruginosa density (50 snails) and snail distribution at benthic only; C-LM-DS, 
experimental group with modified aeration, mid B. aeruginosa density (50 snails) and snail distribution at 
surface only; Each datum represents the mean ± SD (n = 4).  
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Figure 4-5 Proportion of chlorophyll-a change in the surface-water column, precipitate segment, and the 
entire system after 120 h of experimental period. Experimental groups consist of 50 Bellamya aeruginosa 
feeding on colony-forming Microcystis aeruginosa with different amounts of sediment (25g, 50g, 150g 
silt). 

Notes:  
Group identifier: C-LC, Negative control group, colony-forming Microcystis only, modified aeration; C-
LC-SH, Negative control group, colony-forming Microcystis only, modified aeration, High sediment 
level (150 g silt); C-LM, experimental group, modified aeration, colony-forming Microcystis, mid B. 
aeruginosa density (50 snails); C-LM-SH, C-LM-SM, C-LM-SL, experimental group, modified 
aeration, mid B. aeruginosa density (50 snails), and high (150 g silt), mid (50 g silt), low (25 g silt) 
sediment level respectively. 
*, indicates significant difference of this samples compared with the corresponding samples in negative 
control group (U-LC-SH) at 120 h (P<0.05)  
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Figure 4-6 Proportion of chlorophyll-a change in the surface-water column, precipitate segment, and the 
entire system over the experimental period. Experimental groups consist of 50 Bellamya aeruginosa 
feeding on colony-forming Microcystis aeruginosa with different amounts of sediment. 

Notes: 
A, Chl-a change of surface-water column; B, Chl-a change of precipitate segment; C, Chl-a change of the 
entire system, calculated by the sum of surface-water column and precipitate segment; Each datum 
represents the mean ± SD (n = 4) 
Group identifier: C-LC, Negative control group, colony-forming Microcystis only, modified aeration; C-
LC-SH, Negative control group, colony-forming Microcystis only, modified aeration, High sediment 
level (150 g silt); C-LM, experimental group, modified aeration, colony-forming Microcystis, mid B. 
aeruginosa density (50 snails); C-LM-SH, C-LM-SM, C-LM-SL, experimental group, modified 
aeration, mid B. aeruginosa density (50 snails), and high (150 g silt), mid (50 g silt), low (25 g silt) 
sediment level respectively. 
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Figure 4-7 Proportion of chlorophyll-a change in the surface-water column, precipitate segment, and the 
entire system after 120 h of experimental period. Experimental groups consist of 50 Bellamya aeruginosa 
feeding on colony-forming Microcystis aeruginosa with different turbidity levels. 

 
Notes:  
Group identifier: C-LC, Negative control group, colony-forming Microcystis only, modified aeration; C-
LC-BH, Negative control group, colony-forming Microcystis only, modified aeration, High turbidity 
level (~120 NTU); C-LM, experimental group, modified aeration, colony-forming Microcystis, mid B. 
aeruginosa density (50 snails); C-LM-BH, C-LM-BM, C-LM-BL, experimental group, modified 
aeration, mid B. aeruginosa density (50 snails), and high (~120 NTU), mid (~50 NTU), low (~30 NTU) 
turbidity level respectively. 
*, indicates significant difference of this samples compared with the corresponding samples in negative 
control group (U-LC-BH) at 120 h (P<0.05); Each datum represents the mean ± SD (n = 4). 
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Figure 4-8 Proportion of chlorophyll-a change in the surface-water column, precipitate segment, and the 
entire system over the experimental period. Experimental groups consist of 50 Bellamya aeruginosa 
feeding on colony-forming Microcystis aeruginosa with different turbidity levels. 

Notes:  
Group identifier: C-LC, Negative control group, colony-forming Microcystis only, modified aeration; C-
LC-BH, Negative control group, colony-forming Microcystis only, modified aeration, High turbidity 
level (~120 NTU); C-LM, experimental group, modified aeration, colony-forming Microcystis, mid B. 
aeruginosa density (50 snails); C-LM-BH, C-LM-BM, C-LM-BL, experimental group, modified 
aeration, mid B. aeruginosa density (50 snails), and high (~120 NTU), mid (~50 NTU), low (~30 NTU) 
turbidity level respectively; Each datum represents the mean ± SD (n = 4). 
*, indicates significant difference of this samples compared with the corresponding samples in negative 
control group (U-LC-BH) at 120 h (P<0.05)  
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Figure 4-9 Removal rate of colony-forming Microcystis aeruginosa in the entire system versus highest % 
of precipitate portion across experiments. 

Notes: 
C-Tx, experiment with colony-forming Microcystis, traditional aeration; C-Lx, experiment with colony-
forming Microcystis, modified aeration; C-LM-Sx, experiment with colony-forming Microcystis, 
modified aeration, with different sediment amount; C-LM-Bx, experiment with colony-forming 
Microcystis, modified aeration, with different turbidity level; Each datum represents the mean ± SD (n = 
4). 
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Figure 4-10 Decomposition pattern of Bellamya aeruginosa pseudofaeces containing colony-forming Microcystis aeruginosa collected from high 
turbid condition, showing the structure of pseudofaeces did not change after 120 h. 
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Figure 4-11 Structure of Bellamya aeruginosa faeces containing colony-forming Microcystis collected 
from different turbidity conditions, showing the change in amount of Microcystis and suspended particles 
change in the faeces 

 A, faeces collected from low turbidity group (C-LM-BL); B, Faeces collected from Mid turbidity group 
(C-LM-BM); C, Faeces collected from High turbidity group (C-LM-BH).  
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Figure 4-12 Detailed degradation pathway of Bellamya aeruginosa control of Microcystis aeruginosa 
under different conditions.  

A, unicellular M. aeruginosa, clear water condition; B, colony-forming M. aeruginosa, clear water 
condition; C, colony-forming M. aeruginosa, Silt condition; D, Colony-forming M. aeruginosa, turbidity 
condition; Arrow, indicate the M. aeruginosa transform pathway, thick arrow indicatess major pathway;  
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Chapter 5 

Successful prevention of cyanobacterial harmful algal blooms by the 

freshwater gill-breathing gastropod, Bellamya aeruginosa, in a bankside 

reservoir – a whole lake biomanipulation study 

5.1 Introduction 

The incidence and intensity of cyanobacterial harmful algal blooms (CHABs) are expanding 

worldwide due to cultural eutrophication and global climate change (Hudnell et al. 2008). They have 

caused a variety of problems for public water supplies because tainting and odors are produced by 

excessive cyanobacteria associated with CHABs (Graham et al. 2008). In addition, many cyanobacteria 

produce a wide variety of toxins and bioactive compounds, which had been linked to incidents of human 

illness (World Health Organization. 2011). Severe CHABs can cause drinking water crises when they 

affect a human population’s only or main water supply. For example, CHABs in Lake Taihu, China 

caused such a water crisis in Wuxi affecting nearly two million people for a week in 2007 (Qin et al. 

2010), and in Lake Erie caused a two-day ban on drinking water affecting more than 400,000 residents in 

Toledo, Ohio in 2014 (Brooks et al. 2016). 

In general, protecting drinking water source from becoming eutrophic would be considered as the 

best approach to root out this environmental nuisance. However, climate change, invasive species and 

increasing nutrient loading into water supplies makes this approach insufficient to ensure safe drinking 

water (Westrick et al. 2010). On the other hand, much attention has been paid to the search for effective 

methods to reduce or contain existing blooms or their adverse effects when prevention is not effective. 

These methods include chemical, mechanical, biological, and environmental manipulations (Schindler 

2006). However, very few of them can be used in reservoirs or other water bodies that function as 

drinking water sources. For example, chemicals or algaecides may have side effects on water quality, 

mechanical or biological treatments face issues of very high costs and short duration of control (Anderson 
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2009). Greater challenges come from the toxins released from the harmful algae. When visible blooms 

have formed, any post-control methods will not be able to remove toxins from the water body effectively 

(Westrick et al. 2010), leaving the water source at risk. 

Biomanipulation is the process of regulation and eradication of harmful algal growth or blooms 

by introducing or increasing the number of selected foraging organisms in the water body (Jeppesen et al. 

2012). The manipulation of biotic components of a water body is designed to be relatively easy to 

implement compared to management of abiotic components (Benndorf et al. 2000, Mehner et al. 2004). 

and more importantly, this method aims to prevent CHABs from happening and minimize their adverse 

effect, thus it is considered one of the preferable solutions to be applied to areas served as drinking water 

sources. However, successful cases are often limited in experimental scale or in small ponds (Sondergaard 

et al. 2007), and long-term effectiveness of such strategies are still questionable (Hanson and Butler 

1994). 

Over the last decade (2003 - present), we have carried out a series of whole-lake CHABs control 

and prevention projects in eastern China, where many water bodies in this region are highly eutrophic and 

CHABs reoccur frequently. In one of these reservoirs, we applied the biomanipulation strategy combined 

with hydrological manipulation. The major measures included increased densities of a filter-feeding fish 

(Hypophthalmichthys molitrix) and a freshwater gastropod (Bellamya aeruginosa), and hydrological 

manipulation mainly focussed on water level and pump operation control. This strategy successfully 

prevented CHABs from occurring in three subsequent years of repeated applications. Long-term 

application of the strategy showed not only that the non-CHABs status was maintained but also that water 

quality significantly improved after the CHABs disappeared (Ren et al. 2012). After implementing the 

strategy, we observed a correlation between increased B. aeruginosa near the surface during the spring 

season (April - June) and a decline of cyanobacteria biomass in the same period. This suggested that B. 

aeruginosa may play an important function in CHABs control.  
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Freshwater gastropods occupy a wide range of ecological niches in freshwater ecosystems, and 

they can reach a high biomass in eutrophic waterbodies (Covich et al. 1999, Han et al. 2010, Liu et al. 

2010, Ma et al. 2010). However, there is a limited study of their grazing pressure of phytoplankton 

species, especially bloom-forming cyanobacteria (Olden et al. 2013, Zhu et al. 2013a, Jin et al. 2015). 

Furthermore, no publications have confirmed that gastropods are able to prevent CHABs from happening. 

In Chapter 2, I demonstrated that B.aeruginosa species employs a facultative suspension feeding 

mechanism like bivalve, so that it can graze on floating algae and particles from the water. Furthermore, 

in Chapter 4, I showed several key factors or conditions that significantly improved B.aeruginosa grazing 

ability or grazing efficiency on cyanobacteria, including high distribution overlap of B.aeruginosa and 

cyanobacteria, high biomass ratio of B.aeruginosa and cyanobacteria, high silt and turbidity conditions. 

The findings from microcosm studies allowed me to re-exam the biomanipulation strategy applied to the 

reservoir, find out if these factors or conditions existed in the reservoir after applied the strategy, which 

may support our hypothesis that B. aeruginosa lead to the decline of  CHABs in this reservoir.  

In this study, I present limnology data before and after whole-lake biomanipulation strategy to 

measure the effectiveness of this strategy. I analyse key factors and conditions including biomass and 

distribution dyanmics of B.aeruginosa and cyanobacteria, silt and turbidity level, to determine the role of 

B.aeruginosa in CHABs control. At last, based on the findings, I revealed the possible CHABs control 

and prevention process in the Baosteel Reservoir and discuss the impact of biomanipulation and 

hydrological measures.  

5.2 Material and methods 

5.2.1 Site descriptions 

BaoSteel Reservoir (i.e. Baoshan Lake, 31.500580º N 121.341666 º E) is an isolated Bankside 

reservoir with a complete encircling barrier next to the Yangtze River (Figure 5-1 C). The shape of the 

reservoir is rectangular with a maximum length of 1,980 m and a maximum width of 1,008 m forming a 

total surface area of about 1.67 km2. The reservoir consists of three major parts: Intake System, 
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Equalizing Reservoir, and Output System ( Figure 5-1 A). The embankment of the reservoir is made of 

rock-faced concrete, and two consecutive sloped shorelines each range from 0 – 4 m and 4 - 8 m 

respectively, from the bottom. The two slopes are connected by a 40 m wide platform (Figure 5-1 B). The 

water level of the reservoir is adjustable through the pump system and can reach a maximum depth of 7.2 

m, and the average capacity of the reservoir is 8.3 million m3 at 5 m depth. The reservoir provides water 

for industrial use and serves as the drinking water source for more than 20,000 local inhabitants. Under 

normal operation, the water residence time is about 60 days, and daily water table fluctuations are less 

than 50 cm. 

5.2.2 Background limnology 

The BaoSteel Reservoir is one of the eutrophic reservoirs in the Yangtze delta that is filled with 

high nutrient water from the river (Total Nitrogen (TN) = 2.35 ± 0.37 mg· L-1; Total phosphorus (TP) = 

0.10 ± 0.03 mg· L-1). Due to its long residence time, suspended particles settled on the reservoir bed 

provide a relatively low water turbidity. Over 20 years of operation, the bed sediment has accumulated a 

high amount of these particles containing high nutrients, thus N and P in the reservoir (TN = 3.49 ± 0.33 

mg· L-1; TP = 0.14 ± 0.01 mg· L-1) are higher than the source water. Besides TP and TN, other major 

water parameters (pH, BOD5, CODMn) are similar to the source water. The synthesis nutrition condition 

index (TLI) of the reservoir can be classified as moderate eutrophication (Table 5-1). 

There were no submerged and emergent aquatic plants in the reservoir due to its hard bottom 

structure and rock-faced concrete revetment structure. The phytoplankton was dominated by colony-

forming cyanobacteria during the summer time, namely blooms of Microcystis sp., Anabaena sp. and 

Oscillatoria sp. found near the surface from June to October annually since 1996. The average Chl-a 

exceeded 100 mg· m-3 during the bloom period. More specifically, Microcystis blooms were observed 

from May to September, Oscillatoria blooms were observed only in July and August, and Anabaena 

blooms were observed in May to June. During the non-blooming season, the major algae communities are 
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composed of diatoms and green algae and the measured Chl-a concentration were less than 15 µg· L-1 

(Table C.1).  

Fish stocking practices were conducted in the reservoir, mainly focused on silver carp 

(Hypophthalmichthys molitrix), big head carp (Hypophthalmichthys nobilis), crucian carp (Carassius 

carassius) and Wuchang bream (Megalobrama amblycephala). The quantity of the stocked fish is 

estimated to be approximately 200 tonnes in the reservoir, with silver carp accounted for over 90% of the 

total stocking quantity. Besides the stocked fish being dominant, there were approximately 10 other 

natural fish species in the reservoir albeit rare.   

The reservoir held high numbers of benthic invertebrates with two dominant species: Bellamy 

aeruginosa (Mollusca: gastropod) and Corbicula fluminea (Mollusca: bivalve). Historical surveys showed 

that annual production of these two species was 40 tonnes (Table C.2).  

The reservoir had large numbers of protozoa and a high biomass of rotifera was often found in 

post-algal bloom periods when cyanobacteria started decaying or dying. Zooplankton comprised 

predominantly small-sized cladocera and copepods that were most abundant in spring (March-May), 

while large-sized crustacean zooplankton were absent. 

5.2.3 Previous CHABs control attempts 

CHABs were first reported in this reservoir in 1996 and have been found blooming repeatedly for 

more than 8 years before deploying the current biomanipulation strategy. During the CHABs bloom 

years, several methods had been deployed to control CHABs, including nutrient-source control, 

application of algaecides, restoration of submerged plants, increase of water turnover using hydrological 

manipulation, and biomanipulation with filter-feeding fish, but none of these attempts proved to be 

effective. 

The nutrient-source control method was unlikely to be successful because pumped in water 

contains high nutrients. Algaecide applications only showed positive results temporarily with secondary 

blooming often occurring after a few weeks of the mitigating intervention. Submerged plants were not 
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able to grow on rock shoreline structures because regular water fluctuations prevented their establishment. 

The method of increasing water turnover rate did not remove algae effectively from the reservoir because 

the outlet pump was located near the bottom while CHABs mainly floated on the surface. The 

biomanipulation through the stocking of the native filter-feeding fish Hypophthalmichthys molitrix did 

not reduce CHABs despite the continuous practice for over four years. 

5.2.4 Biomanipulation strategy and long-term maintenance  

The original purpose of our biomanipulation strategy was to increase the density of herbivorous 

species in the reservoir, thus to apply high grazing pressure on the CHABs-forming cyanobacteria, this 

includes the stocking of filter-feeding fish, Hypophthalmichthys molitrix and stocking of freshwater 

gastropod, Bellamya aeruginosa, these measures were adopted between 2003-2007: 1) Addition of 2,000 

kg of B. aeruginosa in the northwest shoreline area annually; 2) Addition of 15,000 kg of age 1 (or 

indivicual weight (200 - 400 g) Hypophthalmichthys molitrix to the reservoir annually; 3) Harvest of 

15,000 kg of Hypophthalmichthys molitrix over age 4 plus (or individual weight > 3.5 kg) annually; and 

4) Removal of the gastropod predatory black carp, Mylopharyngodon piceus. 

Furthermore, hydrological manipulation measures were adopted to reduce reservoir capacity as an 

alternative solution to increasing the density of manipulation species. These measures include water level 

and pump operation control: 1) To reduce water level to 4 – 5 m in depth; 2) To switch inlet pump 

operation from continuous mode to intermittent pumping every 2 to 3 days; and 3) To reduce daily water 

fluctuations to < 0.2m. These hydrological manipulation measures were adopted from May to September 

every year. 

The long-term maintenance of the strategy was applied after CHABs disappeared from the 

reservoir (3 years later, 2007 till present). The maintenance measures allowed us to reduce the amount of 

Hypophthalmichthys molitrix stocking to the reservoir by 10,000 kg annually. In addition, B. aeruginosa 

was no longer stocked in the reservoir, but hydrological manipulation remained in effect. 

5.2.5 Water chemistry analyses 
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Water samples were collected from five sampling sites, including one sample near the intake 

pump area, one sample near the output pump area, one sample from the center of the reservoir and two 

samples near the shallow end (Figure 5-1 #). Three liters of water were collected with a vertical water 

sampler (custom made by Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China) at 0.5 

m depth from the surface. Some parameters on site directly including Temperature (generic thermometer), 

pH (Lei-ci PHSJ-2, China), DO (YSI 85, USA), and turbidity (Hach 2100, USA). Other parameters were 

referred to the methods listed by Minstry of Environmental Protection of the People’s Republic of China 

and The Water and Wastewater Monitoring Analysis Method Editorial Board (2002):, salinity (silver 

nitrate titration method), total nitrogen (alkaline potassium persulfate digestion method), total phosphorus 

(ammonium molybdate spectrophotometric method), NO2 (spectrophotometric method), NO3 (ultraviolet 

spectrophotometry), NH3-N (Nessler’s reagent spectrophotometry method), BOD5 (dilution and seeding 

method), and CODMn (Permanganate index). 

Hourly hydrological information on water depth, pump operation region, inlet/outlet pumping 

volume-rates, and temperature were recorded automatically by the reservoir monitoring system. 

5.2.6 Phytoplankton monitoring methods 

Phytoplankton density was measured through Sedgewick-Rafter chamber (PYSER-SGI 2016) 

and phytoplankton biomass was calculated as numbers of individuals per mL.  

5.2.7 Bloom scale and harmful cyanobacteria monitoring methods  

The size of a bloom was monitored by visual estimations from the shoreline at 4 pm daily. The 

harmful cyanobacteria monitoring involved the regular water sample through vertical water sampler at 

0.5m depth and surface skim samples. Because many bloom-forming cyanobacteria (e.g. Microcystis) 

have uneven horizontal distribution patterns in natural water bodies, they are likely to concentrate in the 

downwind areas due to the wind-induced currents (Wu et al. 2010). Using surface skim samples of wide-

mouth plastic jars (1 L) to collect water near these downwind areas, we were able to increase the 
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detection limit of the biomass of the target species compared with the regular water sample methods, and 

the surface skim sample was more effective when cyanobacteria biomass was relatively low.  

 Because the mucilaginous cyanobacteria such as Microcystis can pass through the gut of filter-

feeding fish remaining practically intact (Lewin et al. 2003, Hegaret et al. 2008), the analysis of their 

digestive samples (faeces and intestinal contents) can be used to enhance cyanobacterial detection limits 

and provide important information about harmful cyanobacteria in the water body. Faeces samples can be 

collected directly from the surface near the shoreline, while intestinal samples were collected when silver 

carp was harvested by the local fishermen. Samples were visually examined microscopically for 

Microcystis sp. in twenty fields of view. 

5.2.8 Seasonal variation of three major bloom-forming cyanobacteria species 

We investigated the size and division status of cell, the size and shape of colonies, mucilage 

properties, and the vertical distribution as well as other unique attributes of the three major bloom-

forming cyanobacteria species in the BaoSteel Reservoir; Microcystis aeruginosa, Anabaena flos-aquae, 

and Oscillatoria splendida. Samples were collected using the regular and surface skim methods described 

above weekly. Cell size, colony shape and size, mucilage and division status were observed in vivo 

directly using a microscope (Nikon Eclipse 55I). Buoyancy was determined at the time of sampling.  

5.2.9 Temporal and spatial distribution of B. aeruginosa 

A benthic grabber and D-nets were used to collect B. aeruginosa from the sediment and shoreline 

to determine their spatial distribution. Sampling was conducted once every 2 weeks between March and 

October, and every week from April to September. The shoreline distribution of the species was estimated 

through daily shoreline surveying by visual estimation. Their density near the shoreline was calculated 

based on quadrats of one square meter. 

5.2.10 Relationship between shoreline depth, wind speed, and turbidity  

Waves cause erosion and resuspension of bottom sediments. At shorelines, the resuspension is 

mostly caused by wind-induced waves, and the re-suspended matter can stay in suspension for a long time 
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at a stable and high turbidity level (Hellstrom 1991), depending on sediment characteristics. To 

understand the relationship among water depth at the shoreline, wind speed and turbidity, an in-situ 

experiment in the reservoir was conducted. In this reservoir, there are two consecutive sloped areas near 

the shoreline, each ranging from 0 - 4m and 4 - 8 m elevation, connected by a 40 m wide platform at 4 m 

elevation i.e. 4 m platform ( Figure 5-1 B). When water depth was set to between 4 – 5 m, this platform 

became very shallow. We measured turbidity level in this area at different wind speeds when the water 

level was set to 4.3, 4.5, 4.8, 5.1 m elevation; equivalent to water depths of 30, 50, 80, and 110 cm, 

respectively, measuring from the 4 m platform.  

5.2.11 Statistical analysis methods 

One-way ANOVA, and student t-tests were adopted for statistical analysis in R version 3.2.1.  

Significant differences were indicated at the level of P < 0.05.  

5.3 Results 

5.3.1 Water quality  

There were no significant changes in any major water parameters (TN, TP, COD, BOD5, pH, 

salinity) before and after the application of biomanipulation for 3 y (Table 5-1), but Chl-a concentration 

during the summer was significantly lower due to the disappearance of CHABs. After 10 y of long-term 

implementation of this strategy and continuous maintenance, the nutrient levels in the reservoir decreased 

significantly. For example, TN had decreased to about one-fourth and TP to one-half of the values in 

2003. The water transparency also significantly improved, and TLI eutrophic status showed that the 

reservoir had returned from moderate-eutrophic to mesotrophic conditions. 

5.3.2 Phytoplankton density  

In the reservoir, the phytoplankton density showed a clear seasonal pattern with a surge during 

the spring, gradually peaked in the summer, and declined in the autumn (Figure 5-2). Prior to the 

biomanipulation in 2003, the highest densities were found in July and August at approximate 800 

individuals per mL. In the first and second year of biomanipulation (2004 & 2005), the phytoplankton 
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abundance showed a similar trend but the peak density in the summer was reduced to approximate 600 

individuals per mL. 

On the other hand, the percentage of cyanobacteria density in the sample exhibited a different 

pattern (Figure 5-2). Before the biomanipulation, cyanobacteria numbers rapidly increased from April on 

and accounted for over 95% of the total numbers in July and August. In the first year of the manipulation 

(2004), cyanobacterial numbers increased during the spring to reach the highest percentage in June 

(54.5%), but the biomass quickly dropped in June and it did not become the predominant species in the 

water samples. Data from the second year of biomanipulation (2005) showed a similar trend to the first 

year, but the numbers were further reduced: the highest percentage accounted for only 22% of the total 

biomass found in June. 

5.3.3 CHABs scale and harmful cyanobacteria monitoring  

The CHABs scale and size monitoring on site (Table 5-2) showed that prior to the manipulation, 

the bloom period lasted for four months (June to September) with 3 predominant species (Microcystis 

aeruginosa., Aanabaena flos-aquae, and Osicillatoria splendida) forming blooms. They were found in 

the surface skimming samples and the fish digestive samples throughout the year. In the first year of 

biomanipulation (2004), CHABs were only observed in June and the size of bloom was reduced to less 

than 800 m2 compared to approximate 100,000 m2 in the previous year. Anabaena sp. was not among the 

predominant species anymore. Instead, diatoms (Melosira sp.) became the predominant phytoplankton 

species. Only 83% of the surface skim samples and 75% of digestive samples were found to contain 

cyanobacteria. Blooms completely disappeared in the second year (2005) when the predominate 

phytoplankton species switched from cyanobacteria to green algae (Cladophora sp., Hydrodictyon sp.) 

and diatoms (Cyclotella sp. and Melosira sp.). In addition, cyanobacteria were only found in 8% and 13% 

of the surface skim, digestive samples respectively. By the third year (2006), cyanobacteria were no 

longer visible with naked eye and only found in 4% and 1.7% of the samples through microscopic 
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examination. After 10 years of implementation of this strategy and the constant maintenance, the 

cyanobacteria were not observed in any types of samples, not even fish digestive samples. 

5.3.4 Water level  

The inlet water flow volume and water level (Figure 5-3) showed that before the manipulation, 

the reservoir was maintained at a relatively high-water level (> 6 m) during the summer period, and the 

intake pump was operated continuously at approximate 200,000 m3 per day. 

After adopting the biomanipulation strategy, the water level was restricted to within 4 - 4.5m in 

depth from May to September, and the pump operation pattern was altered from continuous to 3 to 4 d 

intermittent, the intake water volume increased by 10-fold to approximate 2 million m3 per day.  

5.3.5 Water turbidity  

Prior to the manipulation, water turbidity was measured at less than10 NTU at most sampling 

points except for the #4 site, the inlet pump area, which was the excluded from our data analysis. There 

were no significant differences between the samples from the shoreline and the center part of the reservoir 

(P > 0.05, n = 7, Figure 5-4). After the biomanipulation application, the turbidity increased significantly at 

the shoreline between June and August. In addition, turbidity in the center of the reservoir increased to 

~20 NTU while the turbidity measured near the shoreline was doubled. 

5.3.6 Seasonal variation of the three major bloom-forming cyanobacteria species 

Our observations revealed that the life history of each of three major bloom-forming 

cyanobacteria species in this reservoir can be classified into four phases according to their growth and 

division of cells, population dynamics, and structure and buoyancy of colonies (Table 5-3). The switch 

between each phase was mainly dependent on the water temperature. 

Microcystis aeruginosa was the major species in the reservoir. Its cell size didn’t change, but 

colony shape and size, mucilage status and vertical distribution changed significantly over the four 

phases. They overwinter in the single-cell form or round-shaped colonies of less than 50 µm in diam., 

with no cell division and thin mucilage at this phase at the benthic zone between December and March. 
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During March to June, they migrated to the surface and can be collected through surface skim sampling. 

The colony size increased to 100 – 500µm with thick mucilage outside of the colony and the colony shape 

changed from round to perforated or irregular. Between June and September, M. aeruginosa aggregated 

near the shoreline and formed visible blooms with colony size ranging usually between 500 – 1500 µm in 

diam., and sometime even larger colonies were presented (Figure 5-7 C). These large colonies have a 

robust structure that is difficult to break apart by water turbulence. Starting from October, the colony 

structures became unstable, they could be easily broken into significantly decreased colony size (< 

300µm), and their vertical distribution shifted from surface to benthic. 

Unlike Microcystis, the filamentous Anabaena flos-aquae form akinetes, a type of resting spore to 

overwinter between October and March. Akinetes were found in sediment samples and benthic water 

samples. Between March and April, they could be found attached to benthic surfaces. The bloom period 

of Anabaena was then between April and June with a rapid growth phase forming clumps that float to the 

water surface and form blooms. When temperature increased during the summer, their growth rate 

reduced and no blooms were found near the surface water. This species entered pre-overwintering in 

October by forming akinetes that sink to the bottom. 

The filamentous Oscillatoria splendida didn’t form akinetes for overwintering. They remained in 

solitary (non-aggregated) form, and their colony sizes and shapes do not change significantly over 

different phases of development. They were found in the water samples throughout the year, but blooms 

were found only during July and August when water temperature was high.  

5.3.7 Spatial distribution of B. aeruginosa  

The vertical distribution of B. aeruginosa was mainly affected by the water temperature. During 

the winter (December to March) when water temperature was below 15 ºC, the snail hibernated at the 

bottom of the reservoir, and could only be collected using a benthic grabber. When the water temperature 

was over 15 ºC (April – November), they migrated to the shallower depths. Their vertical distribution 

quickly responded to water level changes, but they could normally be found within 1 m of the surface 
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(Figure 5-7 A). The seasonal variation in density showed that peak density occurred in the shallow areas 

in the autumn (September to November) and the spring (April to June), while their density in the summer 

(July to August) was slightly reduced, possibly due to the high surface water temperatures. No snails were 

found in the shallow areas during winter (December to March) (Figure 5-5). 

5.3.8 Comparison of B. aeruginosa density near the shoreline 

I estimated the density of B. aeruginosa near the shoreline before and after the application of the 

biomanipulation strategy. In 2003, the natural population of B. aeruginosa could be found only near the 

southwest shoreline that covered 8.7% of the total shoreline with a median density of approximate 110 

ind · m-2, the estimated biomass near the shoreline was 3 tonnes (Table 5.6). On the contrary, after we 

applied the biomanipulation, the numbers of B. aeruginosa significantly increased in the shoreline areas 

covering 35% of the area with a median density reaching 2,100 ind · m-2, and biomass of 20 - 25 tonnes 

(Figure 5-7 A, B). In the second year of biomanipulation, B. aeruginosa could be found throughout the 

shoreline at high density with a shoreline coverage reaching 78 % and a median density reaching 2,800 

ind· m-2. Their total biomass was estimated at 50 - 60 tonnes. After 10 years of continuous 

biomanipulation, there was approximately 10 - 15 tonnes of B.aeruginosa covering 18.5% of the 

shoreline with a median density of 300 ind · m-2 in June.  

5.3.9 Relationship between shoreline water depth, turbidity and wind speed  

At certain water depths, shoreline turbidity showed a trend of exponential increase with greater 

wind speeds (Figure 5-6). For example, at the 4.3 m water level (equivalent to 30 cm platform depth), 

turbidity reached 20 NTU at a wind speed of 2.8 m·s-1. However, at greater water depth, higher wind 

speeds would be required to reach the same turbidity. When water level reached 4.8 m (80 cm platform 

depth), 3.8 m· s-1 of wind speed would be required to achieve 20 NTU turbidity in the same area. 

5.4 Discussion 

5.4.1 Increasing B. aeruginosa near the surface may lead to the decline of CHABs   
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During the first year of biomanipulation, I found a correlation between the increase of B. 

aeruginosa near the surface (Table 5-4) and the decline of CHABs during the spring and summer seasons 

(Figure 5-2). This phenomenon continued in the next 2 years until CHABs were completely eliminated in 

the reservoir. This finding suggests that B. aeruginosa plays an important role in the CHABs removal 

process.  However, this correlation did not allow us to claim a causal relationship due to our limited 

understanding of the snail's feeding mechanism as well as its algae-foraging ability. In addition, I cannot 

exclude some of the other possibilities. It is entirely possible that the hydrological manipulation measures 

altered some of the abiotic factors that are essential for the cyanobacterial growth.  The biomanipulation 

strategy also involved the increase of filter-feeding fish in the reservoir that may also have exerted strong 

grazing pressure to CHABs. 

In Chapters 2 - 4, I discovered that B.aeruginosa employs a facultative suspension feeding 

mechanism similar to that of bivalves, so that it can graze on floating algae and particles from the water 

column. Furthermore, I identified several key factors or conditions that significantly improved the snail’s 

grazing ability or efficiency on cyanobacteria including high distribution overlap of B.aeruginosa and 

other cyanobacteria, high biomass ratio of B. aeruginosa and cyanobacteria, and high silt and turbidity 

conditions. If B.aeruginosa played a major role in the CHABs control, I should be able to find similar 

factors and conditions in this reservoir after the application of biomanipulation. 

5.4.2 Distribution overlap of B. aeruginosa and harmful cyanobacteria near shallow area 

In Chapter 4, I showed that physical distribution overlap of B. aeruginosa and floating 

cyanobacteria are essential for B. aeruginosa to graze on cyanobacteria through its suspension feeding 

mechanism. 

In the BaoSteel reservoir, spatial distributions of the three major bloom-forming species 

(Microcystis sp., Anabaena sp. and Oscillatoria sp.) showed seasonal differences, which can be classified 

into four phases (overwintering, recruitment and rapid growth, bloom, death and pre-overwintering). 

Temperature is considered as one of the major determining factors leading to the switch between the 



 

 

148 

phases. Our observations showed that all three species were found in the benthic zone during the over-

wintering phase. During the recruitment and rapid growth phase and pre-overwintering phase, they 

showed uneven distribution patterns either floating on the surface (Microcystis sp.) or attached to the 

sediment near the shoreline (Anabaena sp. & Oscillatoria sp.). In the bloom phase, all three species were 

found floating at the surface (Table 5-3). These uneven distribution phenomena of cyanobacteria were 

also reported by Kong and Guang (2005) in Lake Taihu, China. 

On the other hand, B. aeruginosa are commonly considered benthic invertebrates that stay on the 

lake bottom and graze on the particles in the sediment (Marks and Lowe 1989, Atalah et al. 2007, Li et al. 

2008). In this reservoir, our survey showed that their vertical distribution was driven by water 

temperature. They hibernated in the benthic zone from December to March when water temperature was 

less than 15 ºC. During April to June and September to November (water temperature between 15 - 25 

ºC)� they were mostly distributed at a depth of less than 1 m from surface. When water temperature was 

over 25 ºC in July and August, their presence at the surface decreased. These findings are in concert with 

other studies which revealed the optimum water depth for B. aeruginosa at 0.2 – 0.8 m (You and You 

1998), and the upper threshold water temperature for hibernation at 10 – 15 ºC (Ma et al. 2010, Li et al. 

2013). 

Based on the analysis of their vertical distribution, two overlapping periods were found: benthic 

overlap in the winter, and surface overlap in the spring and autumn (Figure 5-5). Although B. aeruginosa 

and cyanobacteria were both benthic during the winter phase, B. aeruginosa showed reduced food intake 

and activity at low temperature, and CHABs control and prevention are not likely to be achieved through 

grazing of overwintering cyanobacteria.  

Although B. aeruginosa and cyanobacteria had distribution overlap near the surface in the spring 

and summer, B. aeruginosa migration was limited to benthic substrate at the shoreline only, while 

cyanobacteria were suspended in the surface water layers.  Therefore, the surface overlap of B. 

aeruginosa and cyanobacteria are strongly affected by shoreline structure. Before the biomanipulation, 
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the water level was usually higher than 5 m. Under this condition, the shoreline area was on a slope with 

limited overlap with the surface water layer ( Figure 5-8 A).  After the application of biomanipulation, the 

lowered water level (4 - 4.5 m) formed a flat shallow area end in the 4-m platform of 40 m in width, 

which significantly increased the overlap area (Figure 5-8 B). Calculations showed that the overlapping 

area increased 900-fold when the water level was set to 4.3 m in depth compared to that at 7 m. The 

increased distribution overlap allows B.aeruginosa to use their suspension feeding mechanism to graze on 

cyanobacteria. 

5.4.3 High density of B.aeruginosa near shoreline provides high grazing pressure 

Because B. aeruginosa are considered as non-selective grazers (Chapter 2), their total numbers 

may be used as a good gauge to estimate their grazing pressure on cyanobacteria. In addition, our 

microcosm experiments showed a decrease in digestion rate of Microcystis with the increasing number of 

cyanobacteria grazed (Chapter 2). High density of B. aeruginosa could accelerate the secondary digestion 

process, and significantly increase the digestion rate for Microcystis (Chapter 4). These results suggested 

that higher biomass ratio of B. aeruginosa to cyanobacteria are preferable in CHABs control. 

Our field survey also showed that seasonal variations of cyanobacterial density in this reservoir 

are mainly driven by water temperature. Low biomass of cyanobacteria was found during the winter 

period and their biomass increased significantly during the summer to form blooms. On the other hand, 

high biomass of B. aeruginosa was found in the spring (April - June) and autumn (September - 

November). This suggested that the optimal CHABs prevention period is likely from April to June 

because of the lower biomass of cyanobacteria in the reservoir ( Figure 5-5, box in gray).  

When I compared B. aeruginosa density and total biomass near the surface in June, I found 

significant differences before and after the application of the biomanipulation strategy. Before the 

biomanipulation strategy application, only a small portion of B. aeruginosa migrated to the surface at an 

estimation of 3 tonnes only covering 8% of the shoreline area. After the biomanipulation strategy 

application, the total B. aeruginosa biomass at the surface increased 7 times and their coverage increased 



 

 

150 

4 times in the first year of the biomanipulation, and this number almost doubled in the second year (Table 

5-4). Since only 2 tonnes of B. aeruginosa were added to the reservoir, high biomass of B. aeruginosa 

found near shoreline could be mainly attributed to the migration of natural population. When I maintained 

a stable water table, the platform formed a favourable shoreline and attracted a large number of snails. 

High density of B. aeruginosa, as well as high spatial distribution overlap of snails and cyanobacteria 

(discussed in 5.5.2) provided adequate grazing pressure. 

Wind induced shoreline turbidity improves cyanobacteria removal efficiency. In chapter 4, it was 

shown that silt and turbidity are important abiotic factors that can significantly improve the control 

efficiency by B. aeruginosa on cyanobacteria. This suggests that at a turbidity over 20 NTU, most 

pseudofaeces and faeces produced by B. aeruginosa changed their buoyancy from floating to sinking, 

which significantly increased the overall control efficiency on Microcystis aeruginosa. In this reservoir, 

wind-induced currents are the major factors that cause vertical mixing and impact shoreline turbidity 

(Figure 5-6). Before biomanipulation, there were high water levels and rocky shorelines composed mostly 

of bare concrete not covered with any sediment or particles. Turbidity near the shoreline areas was less 

than 10 NTU (Figure 5-4). After applying the biomanipulation strategy where water level was set between 

4 - 5 m, turbidity significantly increased at the flat shoreline which was caused by wind-induced currents 

(Figure 5-7 D), while at the same time the turbidity of the lake centre was not affected (Figure 5-4). In 

addition, high turbidity conditions near the shoreline could be maintained for a long time. In-situ 

monitoring showed that when the water level was 30 cm in depth near the shoreline, a 3.3 m· s-1 wind led 

to over 20 NTU of turbidity. The weather records showed that wind speed was higher than 3 m· s-1 in 

April, May, and June for over 42, 56, 41% of the total time, respectively. These ensured high turbidity 

conditions near the shoreline that permits B. aeruginosa to suspension feed on cyanobacteria and produce 

high densities of pseudofaeces and faeces leading to higher digestion rates for those of cyanobacteria 

which would be difficult to digest without it. This result was further supported when we reviewed over 

2,000 digital images taken in the reservoir before and after implementing the biomanipulation. 
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Pseudofaeces floated on the surface prior to, whereas sunken faeces were found after the biomanipulation 

(Figure 5-7 E, F). 

5.4.4 Bellamya aeruginosa and water level management lead to successful CHABs control and 

prevention 

The high density of filter-feeding fish is not likely to be the major CHABs control agent in this 

case. This is because the traditional biomanipulation measures with filter-feeding fish 

(Hypophthalmichthys molitrix) had been adopted in the reservoir before. However, 4 years of this 

application did not receive positive results. Our biomanipulation strategy maintained the same stocking 

density of filter-feeding fish, and therefore, it’s highly unlikely that CHABs control was due to the 

increased grazing pressure from existing stocked fish.  

Water level management measures are unlikely to inhibit cyanobacterial growth. Cyanobacteria 

monitoring results showed a rapid increase of cyanobacteria before June in the first year of the 

biomanipulation strategy application. Their growth trend between March and May was similar to that 

before the biomanipulation (Figure 5-2), suggesting hydrological manipulation measures didn’t impede 

cyanobacterial growth.  

On the contrary, our analysis showed that although no significant B. aeruginosa biomass changes 

occurred after application of the strategy, hydrological manipulation functioned as a catalyst to 

significantly increase the control efficiency. A stable water level promotes B. aeruginosa migration to and 

rest on the shallow area, and significantly increased their density near the shoreline. The lowered water 

levels made the platform at 4-m depth into a flat shoreline, and increased the physical overlapping area of 

B. aeruginosa and floating cyanobacteria. Wind-induced currents also increased turbidity at the shoreline, 

considerably improving the grazing efficiency of the snails. In addition, hydrological measurements were 

conducted in the spring when the cyanobacteria had low biomass, and consequently the ratio of B. 

aeruginosa to cyanobacteria became high. Cyanobacteria are also in small colony form or with thinner 

mucilage protection at this time, further increasing the digestion rate. This evidence strongly supports the 

hypothesis that B. aeruginosa causes the decline of CHABs in this reservoir (Table 5-5). 
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It was also hypothesized that high biomass of B. aeruginosa itself could not lead to the CHABs 

control before applying the biomanipulation strategy for the following reasons. Firstly, high water level 

and rapid water level changes (Figure 5-3) did not provide a stable shallow environment and therefore, 

very few of the snails could migrate to and survive near the shoreline to graze on Anabaena sp. and 

Oscillatoria sp. Secondly, Microcystis sp. mainly floated on the surface and the steep part of shorelines 

which decreased the overlapping area of B. aeruginosa with Microcystis.  This low distribution overlap 

didn’t permit effective suspension feeding to occur. Thirdly, a rocky shoreline with little sediments led to 

a low turbidity. Without silt and suspended particles there was a low digestion efficiency on 

cyanobacteria. Pseudofaeces and faeces of cyanobacteria will also float on the surface preventing any 

possibility of secondary digestion from occurring. 

5.4.5 Effectiveness of biomanipulation strategy in the reservoir 

After the application of the biomanipulation strategy, on-site observations and sampling results 

showed that CHABs size significantly decreased in the first year of biomanipulation and completely 

disappeared in the second year. In addition, three major CHABs forming species were no longer the 

predominant species in the reservoir after three years (Table 5-2). These results suggested that CHABs 

control through biomanipulation is very effective, and CHABs can be prevented through this low cost and 

environmentally friendly strategy.  

Moreover, through the persistent implementation of this strategy over 10 years, three major 

bloom-forming cyanobacteria became undetectable using regular sampling, and significantly improved 

water quality was achieved after the removal of CHABs from the reservoir. This effort also led to a much-

improved eutrophic status from moderate-eutrophication to mesotrophic conditions (Table 5-1).  This 

suggested that the biomanipulation strategy is able to prevent CHABs even under normally eutrophic 

conditions, and the strategy promoted sustainable control of the situation despite considerable variation in 

weather and limnological conditions between different years. To our knowledge, this is the only cases 
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reported in the world that used a freshwater gastropod to control CHABs and has a sustained effect for 

over a decade with the application of a biomanipulation strategy.  

It was shown that water quality and eutrophication status significantly improved after the 

disappearance of CHABs, suggesting that cyanobacteria prevention needs to be a priority over nutrient-

source control to achieve effective control of eutrophication. In the past, nutrient-source control was 

considered the ultimate solution to deal with CHABs and eutrophication (Anderson et al. 2002). 

However, if CHABs are not removed from the water body, nutrient-source control is unlikely to be 

successful because CHABs drastically increase the nutrient loading in water column with the decay of 

dead aquatic organisms, and dramatically affect nutrient cycling at the sediment–water interface  (Paerl 

and Huisman 2008, Zhu et al. 2013b).  

5.4.6 Perspective: Efficiency of biomanipulation needs to be considered 

Conceptual understanding of biomanipulation are based on the simplistic notion of the keystone 

predator species concept (Paine 1969), including the trophic cascades interaction theory (Carpenter et al. 

1985), and the bottom-up and top-down model (Mcqueen et al. 1989). The premise behind 

biomanipulation is the manipulation of biotic components of a water body as opposed to the conventional 

management of abiotic components. However, in many cases, even with proper cyanobacteria-grazing 

organisms, high stocking density, suitable water environment conditions, positive outcomes were still 

difficult to come by (Mehner et al. 2002). In the case of the BaoSteel reservoir project, the filter feeding 

silver carp as a native species of this region known to graze on floating phytoplankton, was the choice to 

convey the remediation pressure (Kolar et al. 2005a). But over four years of application (1999 - 2003) of 

silver carp, and despite a reasonable high density of the species as recommended by the literature, the 

scale of CHABs was not restrained by this filter-feeding fish.  

On the other hand, efficiency associated with population dynamics, temporal and spatial 

distribution, and the digestive ability of the foraging relationship between manipulated grazer and the 

grazed cyanobacteria has been long neglected. In this reservoir, high densities of the grazer didn’t 
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necessarily lead to high enough grazing pressure. Background surveys in 2003 showed that during 

cyanobacterial growth and the bloom period, when harmful cyanobacteria showed uneven distribution 

patterns floating on the water surface or attached near the shoreline, there were very few B. aeruginosa 

snails found in the same area. Similar phenomena were found when high densities of cyanobacteria 

aggregated near the surface and silver carp did not graze on them. Instead, they were mainly located on 

opposite sides of the reservoir. The temporal variability and spatial heterogeneity in food webs often 

receive little attention in biomanipulation (Mehner et al. 2002), and the physical separation of the grazer 

and cyanobacteria was a probable the cause of low efficiency of biomanipulation. Similar results were 

also found in our microcosm studies (Chapter 3). 

The increased efficiency of the foraging relationship was the outcome of the fortuitous discovery 

made by changing the water level and water fluctuation pattern. In this study, the evidence for effective 

biomanipulation was found through the in-depth analysis of B. aeruginosa and cyanobacterial life 

histories, their distribution patterns and the shoreline turbidity conditions. These factors and conditions 

significantly influenced their population dynamics, temporal and spatial distribution pattern, and grazing 

efficiency on cyanobacteria. As a result, despite the fact that the average density of B. aeruginosa in this 

reservoir was merely approximate 10 g · m-3, the density near the shoreline reached 2100 g · m-3 covering 

70% of the shoreline during May and June, where and when over 90% of the cyanobacteria were 

concentrated. Thus, CHABs control in large water bodies is possible using this biomanipulation strategy. 
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Table 5-1 Water quality of BaoSteel Reservoir before and after applied biomanipulation strategy 

 
 

 Source water 
(2003) 

Before 
(2003) 

After 3 years§ 
 (2006) 

After 10 years§ 
(2014) 

W
at

er
 q

ua
lit

y 

TLI Index Ø 52.06 62.79 53.89 37.16 
TLI Eutrophic Status Ø Low-

Eutrophication 
Moderate-

Eutrophication 
Low-

Eutrophication 
Mesotrophic 

TN (mg· L-1) 2.35 ± 0.37 3.49 ± 0.33 3.29 ± 0.27 0.87 ± 0.16 
TP (mg· L-1) 0.10 ± 0.03 0.14 ± 0.01 0.14 ± 0.03 0.06 ± 0.01 

TP:TN Ratio 1:24 1:26 1:23 1:14 

CODMn 2.43 ± 0.38 4.78 ± 0.17 4.76 ± 0.19 2.25 ± 0.85 
BOD5 1.43 ± 0.45 0.63 ± 0.02 0.54 ± 0.28 N/A 
pH 8.0 ± 0.2 8.0 ± 0.2 7.9 ± 0.2 7.9 ± 0.2 
Turbidity(NTU) 42 ± 5 11 ± 11 13 ± 12 2.1 ± 1.7 
Median Seki Disk Depth 
(cm)† 

30 ± 10 55 ± 15 130 ± 20 280 ± 40 

Chl-a (May – Oct.) 
 (mg· m-3)  

4.74 ± 2.56 57 ± 32.8 22.4 ± 9.83 5.32 ± 2.58 

Chl-a (Nov – Apr.) 
(mg· m-3) 

3.11 ± 1.89 7.4 ± 4.83 6.91 ± 4.39 2.1 ± 3.51 

Salinity (Cl- ) 
(mg· L) 

Normal < 20 
Peak 1500* 

21 
 

21 
 

24 
 

 

All data based on average of 12 months except indicated otherwise, mean ± SD 
§: ‘After 3 years’ means after 3 years of continuously applied biomanipulation strategy in the reservoir. 
Ø: TLI index and TLI eutrophic status: Trophic level index, see Chenghua et al. (2005), Zhang et al. 
(2011) 
† Secchi disk depth are measured 4 times per season every year. 
* This reservoir is located Yangtze Delta Source water is affected by seawater intrusion. “normal� 
means non-seawater intrusion period; “Peak” means measured during the seawater intrusion period 
(usually in winter);   
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Table 5-2 Comparison of cyanobacterial harmful algal blooms (CHABs) duration and size, predominant phytoplankton species, and cyanobacteria 
dominancy sampling before and after applied biomanipulation strategy 

 

Year Bloom 
period 

Maximum Bloom 
size (m2) 

Predominant Phytoplankton 
species (Jun.-Sept.) 

% of cyanobacteria* 
(surface skim samples) 

% of cyanobacteria* 
(digestive samples) 

Before 
(2003) 

Jun.-Sept. >100,000 Microcystis sp.; 
Anabaena sp.; 

Osicillatoria sp.; 

100% 
(164/165) 

100% 
(238/238) 

1st year 
(2004) 

Jun. <800 Microcystis sp.; 
Osicillatoria sp; 

Melosira sp; 

83% 
(128/153) 

75% 
(271/359) 

2st year 
(2005) 

No No Microcystis sp.; 
Cladophora sp. 

Hydrodictyon sp. 
Cyclotella sp. 
Melosira sp. 

 
8% 

(12/150) 

 
13% 

(43/327) 

3rd year 
(2006) 

No No Hydrodictyon 
Cyclotella sp. 

4% 
(2/48) 

1.7% 
(4/237) 

10th year 
(2014) 

No No Cladophora sp. 0% 
(0/30) 

0% 
(0/50) 

 
*cyanobacteria are defined as 3 major species Microcystis sp.; Anabaena sp.; Osicillatoria sp.; names are bolded. Parentheses are number of 
positive samples/ total samples. 
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Table 5-3 Seasonal variation and spatial distribution of cyanobacteria (Microcystis aeruginosa, Anabaena 
flos-aquae, Oscillatoria splendida) in BaoSteel reservoir 

 Phase Over-wintering Recruitment & 
rapid growth 

Bloom Pre-overwintering 

Microcystis aeruginosa 
 Period Dec. – Mar. Mar. – Jun. Jun. – Sept. Oct. – Dec. 

Cell size 
Diameter (µm) 
Long (µm) 

 
4 – 6 
4 – 6 

 
4 – 7 
4 – 7 

 
4 – 7 
4 – 7 

 
4 – 6 
4 – 6 

Colony shape Round Perforated / 
irregularly 

Perforated / 
irregularly 

Irregularly 

Colony size 
(diameter, µm) 

<50 100 – 500 500 – 1500 500 – 100 

Mucilage No or thin thick thick thick 
Vertical distribution benthic surface surface surface 

 Unique Attributes M. aeruginosa has thick mucilage and large colonies during bloom period, 
their structure is very stable and difficult to break apart by the current. 

Anabaena flos-aquae 
 Period Oct. - Mar. Mar. – Apr. May. - Jun. July. - Oct. 
 Cell size 

Diameter(µm) 
long(µm) 

(akinetes) 
8 – 12 

24 – 30 

(Vegetative) 
5 – 6 
6 – 8 

(Vegetative) 
5 – 6 
6 – 8 

(Vegetative) 
5 – 6 
6 – 8 

 Colony shape N/A Filamentous Filamentous Filamentous 
 Colony size 

(diameter, µm) 
N/A 80 – 300 80 – 300 80 – 300 

 Mucilage No No No No 
 Vertical distribution benthic attached Attached / 

surface 
benthic 

 Unique Attributes A. flos-aquae grow attached to benthic and form clumps due to its gregarious 
nature, large clumps will float on surface and form bloom 

Oscillatoria splendida 
 Period N/A Mar. – Jun. July. – Aug. Sept. – Mar. 
 Cell size 

Diameter(µm) 
long(µm) 

N/A  
2 – 3 
7 – 9 

 
2 – 3 
7 – 9 

 
2 – 3 
7 – 9 

 Colony shape N/A Filamentous Filamentous Filamentous 
 Colony size (µm) N/A 400 – 800 400 – 800 400 – 800 
 Mucilage N/A No No No 
 Vertical distribution N/A Surface/benthic Surface/benthic Mainly benthic 
 Unique Attributes O. splendida do not have over-wintering phase, no change of colony/cell 

properties at different phase, rapid growth on high temperature and form blooms. 
* Colony size was measured at greatest axial linear dimensions  
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Table 5-4 Comparison of shoreline distribution and density of Bellamya aeruginosa before and after 
applied biomanipulation strategy 

 

 2003 June 2004 June 2005 June 2014 June 
Major Distribution area Southwest only South and west whole shoreline Mainly west 
% of shoreline length 
coverage 

8.7% 35.0% 78.9% 18.5% 

Median density ( ± SD) 
(ind· m-2) 

110 ± 32 2100 ± 519 2800 ± 807 300 ± 55 

Estimation biomass 
near shoreline (tonnes) 

3 20 – 25 50 – 60 10 – 15 

 
*Distribution and coverage were estimated only with B. aeruginosa density over 100 ind· m-2 
Median density is based on 50 quadrat samples 
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Table 5-5 Summary of different hydrological operational mode’s impact on Bellamya-Microcystis food-
web 
 

  Previous biomanipulation 
(1999 – 2003) 

Our biomanipulation 
(2004 – present) 

Manipulations measures   
 CHABs control species Hypophthalmichthys molitrix  Bellamya aeruginosa 

 Estimation biomass 
(tonnes) 

180 60 

 Stocking density 
 (g · m-3) 

22 10 

 Hydrological 
manipulation period 

N/A  May-July 

 Water Level control > 5 m 4 – 5m 
 Pump  

& Volume control 
Continues  

Low volume 
Interval 

High Volume 
 Water level  Rapid change Stable 
Population dynamics (April – June) 
 Biomass No change Increase 
 Shoreline Density  N/A > 1,000 g/m3 
Spatial distribution 
 Vertical Distribution Water column Surface 
 Harmful algae 

vertical distribution 
Surface Surface 

Factors affecting control of cyanobacteria 
 Shoreline turbidity Low High 
 Pseudofaeces & 

faeces buoyancy 
Float Sink 

 Possibility for 
secondary digestion 

No Yes 

 CHABs prevention No successful 
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Figure 5-1 Location, configurations and embankment cross-section of BaoSteel Reservoir 

 A, reservoir configurations, including intake system, equalizing reservoir, and output System; B, cross-section of the reservoir Embankment, 
embankment of reservoir is make of rock faced concrete, two consecutive shorelines each range at 0 - 4m and 4 - 8 m in depth; C, the Location of 
BaoSteel Reservoir; ‘#’, water sampling site 
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Figure 5-2 Phytoplankton and cyanobacteria density change before (2003) and in the first and second 
years (2004, 2005) of biomanipulation 
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Figure 5-3 Inlet volume and water level data before manipulation (2003) and in the first year (2004) of 
biomanipulation.  

Notes: 
The data for the following years are similar to year 2004 (not shown in the graph).  
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Figure 5-4 Comparison of reservoir turbidity near shoreline and center before (2003) and in the first and 
second years (2004, 2005) of biomanipulation 

Each datum represents the mean ± SD (n = 7). 
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Figure 5-5 Water temperature, cyanobacteria biomass and vertical distribution pattern, and Bellamya biomass and vertical distribution pattern in 
2003 and 2004. 

Notes: 
Vertical lines (cyanobacteria and Bellamy species), indicate their biomass in the reservoir, denser line means higher biomass; The location of 
lines indicate their major vertical distribution, either surface (line at top), benthic (line at bottom), or no significant distribution pattern (line cover 
both top and bottom) 
Dashed line between 15 ºC - 25 ºC indicates their optimal feeding temperature; blue box, indicates the optimal period for Bellamya to graze on 
cyanobacteria, that high biomass of Bellamya and low biomass of cyanobacteria were both distributed at surface and Bellamya showed high 
grazing activities 
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Figure 5-6 Relationship between shoreline depth, wind speed, and turbidity.  

Notes: 
Threshold turbidity, based on our microcosm study, we suggested that at a turbidity over 20 NTU, most 
pseudofaeces and faeces produced by Bellamya aeruginosa changed their buoyancy from floating to 
sinking, which significantly increase the overall control efficiency to Microcystis aeruginosa; Each datum 
represents the mean ± SD (n = 10). 
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Figure 5-7 Important observations support the role of Bellamya aeruginosa in CHABs control process in 
BaoSteel reservoir.  

Notes: 
A, large quantity of B. aeruginosa distributed in shallow end near surface (May, 2005); B, B. aeruginosa 
covered the shoreline over 500 meters’ length (June, 2004); C, cyanobacteria (Microcystis sp.) float at 
surface skim layer near shoreline (April, 2004); D, strong wind cause mixture of water near shoreline 
significantly increase turbidity near shoreline. Gray colour, high turbidity water, blue colour, low 
turbidity water (May, 2004); E, pseudofaeces produced by B. aeruginosa contain living cyanobacteria 
were found (arrow) at surface near shoreline before applied biomanipulation strategy (June, 2003); F, 
Faces produced by B. aeruginosa were observed on the benthic substrate (see arrow, June, 2004)  
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Figure 5-8 Illustration of different water level impact on turbidity as well as distribution of Bellamya 
aeruginosa and cyanobacteria 

Notes: 
A, high water level (> 5 m): rocky shorelines lack of suspended solids, lead to low turbidity in this area. 
Cyanobacteria mainly float at surface skim layer, while B. aeruginosa mainly distributed at steep 
shoreline, there’s little distribution overlap between the two species; B, low water level (4 – 5 m): Flat 
shoreline accumulates high amount of suspended solids, lead to high turbidity in this area when affected 
by wind-induced current. Cyanobacteria float at surface skim layer while B. aeruginosa is stationary at 
flat shoreline, with high distribution overlap between two species.  
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Chapter 6  

General discussion 

6.1 Overall objectives and major findings: 

The aim of this dissertation is to investigate if freshwater gastropods can be used for 

biomanipulation to control CHABs. This dissertation is, to my knowledge, the most comprehensive study 

of the foraging relationship between freshwater gill-breathing gastropods and floating cyanobacteria. The 

study of scatology in freshwater gastropods has never been reported in the literature.   

In Chapter 2, it is reported that the suspension feeding mechanism of the freshwater gastropod, 

Bellamya aeruginosa, and the filtering ability and preferences of suspension feeding is effective on 

different algae and cyanobacteria. Filtration rate and elimination rate of Microcystis were estimated 

(major CHABs forming species worldwide) through the suspension filtering, as well as the elimination 

rate of Microcystis through the digestion process. Finally, Bellamya’s pseudofaeces, faeces and secondary 

digestion faeces structure and their times of decomposition were determined.  

In Chapter 3, the microcosm experimental system was improved so that studies conducted in the 

laboratory conditions could best simulate the natural condition, including the bloom status of Microcystis 

in the field, the natural distribution of gastropods, and the turbidity and sediment conditions that are often 

associated with Bellamya habitat. In addition, the appropriate methods were developed to allow sample 

collection from surface-water and benthic-water, as well as the adhering-to-surface content (algae that 

adhere to the benthic substrate surface and cannot resuspend in the water body) to accurately examine the 

Microcystis degradation process.  

In Chapter 4, the control efficiency of Bellamya on Microcystis was estimated using the 

microcosm experimental systems developed in Chapter 3. Different sedimentation and turbidity levels 

were used to test their impact on the algal control efficiency.  

In Chapter 5, a successful field study case of the control and prevention of CHABs using the 

biomanipulation strategy with Bellamya as the major species was presented. Through the detailed analysis 
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of key factors and conditions that linked to CHABs control efficiency found in the lab, the important role 

of Bellamya in controlling CHABs in the field conditions was demonstrated.  

The major findings in this dissertation are: 1) Bellamya are able to use suspension filtration to 

capture floating colony-forming Microcystis and to produce pseudofaeces containing mucus coated 

Microcystis and thus reducing its biomass in the water column. 2) The filtration rate strongly depends on 

the overlaps of distribution between Bellamya and Microcystis. 3) The suspension filtering process does 

not detrimentally affect Microcystis, the pseudofaeces containing Microcystis float and decompose 

rapidly, releasing viable Microcystis back to the water body. 4) Since pseudofaeces float, with low 

digestion ability Bellamya can only graze on pseudofaeces that has not been released to the water body. 5) 

Faeces produced by Bellamya has low density just as pseudofaeces. So they rupture rapidly and 

subsequently the undigested Microcystis were released back to water body causing secondary 

contamination. The combined effect of aforementioned points 2, 3 4 and 5 resulted in a low control 

efficiency towards Microcystis. 6) With silt or turbidity present in the system, the control efficiency of 

Microcystis was significantly improved due to several alterations occurring in pseudofaeces and faeces. 

Suspended particles increased the density of pseudofaeces, and silt increases the density of faeces, so they 

settled to the benthic zone allowing Bellamya to graze on them. Therefore, there is an increased ingestion 

rate. The ingestion of faeces containing silt or suspended particles significantly increased digestion rate of 

Microcystis. In addition, silt and suspended particles wrapped with Microcystis in the pseudofaeces and 

faeces enhanced the robustness of their structure, significantly increasing the time for them to decompose, 

and therefore reducing Microcystis viability.  These findings were validated in a whole-lake experiment 

using Bellamya to control CHABs, where the biomanipulation combined with hydrological manipulation 

measures i.e. implementation of a flat shoreline platform, significantly increased the spatial and temporal 

overlapping of Bellamya and cyanobacteria. In addition, wind-induced currents increased shoreline 

turbidity that significantly improved the grazing efficiency of B. aeruginosa on cyanobacteria, leading to 

successful CHABs prevention in the lake. 
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6.2 The complexity of suspension feeding in the freshwater gastropod, Bellamya aeruginosa 

Bellamya aeruginosa mainly ingests organic detritus, algae and bacteria in the sediment or on the 

substrates with their radula (Ma et al. 2010, Zheng et al. 2011, Xiaojiao; et al. 2013). This species is also 

able to capture suspended particles in the water column through their suspension feeding behaviour (Qu et 

al. 2010, Olden et al. 2013). However, the detailed process of the suspension feeding behaviour in this 

species is not well understood. In this study, a novel experimental system was developed to allow the 

examination of the suspension feeding process under natural conditions without anesthetizing the animals. 

Results showed that the suspension feeding behaviour of B. aeruginosa consists of trapping, transporting, 

rotating and rolling, compressing, and storing of the suspended particles. The food groove complex is the 

key structure to allow such a process to happen. This is the first report describing the detailed suspension 

feeding process in B. aeruginosa. In addition, a similar process was also observed when using Viviparus 

georgianus, a gill-breathing gastropod native to the St. Lawrence River of Canada (unpublished data). 

The study of two different species in different countries suggested that the process could be ubiquitous 

and may exist in other gill-breathing freshwater gastropods as well. 

6.3 Suspension feeding is one of the major feeding mechanisms in B. aeruginosa  

Previous studies have suggested that suspension feeding in gastropods is not their major food 

acquisition method. This behaviour is mainly exhibited in certain phases of their life history to meet their 

nutritional intake requirements (Navarro and Chaparro 2002, Olden et al. 2013), or it is simply a process 

developed to prevent their ctenidia from clogging up and byproducts happened to be ingestible (Fretter 

and Graham 1962). More importantly, suspension feeding is not considered an efficient food acquisition 

method because the radula (grazing structures) and ctenidia (particle-filtering structures) in gill-breathing 

gastropod are physically separated. That means even though gastropods can filter phytoplankton from the 

water, the snail may still be unable to ingest them as food (Ruppert et al. 2004).  

However, my study does not support this conclusion based on several novel findings: 1) Direct 

observation showed suspension feeding behaviour was found in all age groups in B. aeruginosa; 2) Food 
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groove complex structures were found to connect ctenidia to the mouth, and its function features 

pseudofaeces processing and transferal which are because of complexities of the morphological structures 

beyond the need for ctenidia protection. 3) Direct grazing of pseudofaeces containing different algae or 

particles immediately after pseudofaeces formation. 

These findings suggested that suspension feeding is likely a very important feeding strategy for B. 

aeruginosa, allow them to utilize floating phytoplankton in the water column as food and reducing their 

energy cost for food acquisition (unpublished data).  This behaviour might be extremely important to 

allow B. aeruginosa to live in highly disturbed or fast-moving water bodies. In such conditions, the snails 

protect themselves by only opening their opercula to merely 3 - 5 mm wide to minimize their 

vulnerability to predation. In addition, this feeding strategy allows them to minimize their energy 

expenditure by not engaging in active foraging activities, while still permitting effective food capture 

from the water column. 

6.4 Floating algae and cyanobacteria are mainly grazed by B. aeruginosa through suspension 

feeding 

Bellamya aeruginosa are able to use suspension feeding behaviour to capture floating algae or 

cyanobacteria from the water column. My observations showed that the suspension feeding process 

contains 2 major steps. Firstly, the suspension filtering: When water containing algae or cyanobacteria 

passes through the gill, they are captured at the ctenidia, coated with mucus, and then transferred to the 

food groove complex. Pseudofaeces are formed after a series of processes (transporting, rotating and 

rolling, compressing) at the food groove complex and they are carried out of the mantle cavity through the 

channel of the food groove complex. The suspension filtering is a passive responsive process with no 

specific phytoplankton size (tested range 3 – 800 µm) or configuration (unicellular, filamentous, 

irregularly colony) preferences. Secondly, the grazing of pseudofaeces: The pseudofaeces is held at the 

cephalic food groove, and can be grazed by the snail through its radula. If the pseudofaeces is not grazed 

by the snail, it will be pushed to the ground (i.e. released to the waterbody) by subsequent pseudofaeces 
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production. In addition, grazing behavior on all pseudofaeces containing different algae and cyanobacteria 

were found immediately after release with no apparent content preferences.  

6.5 Suspension feeding effectively removed floating M. aeruginosa from the water column, but low 

digestion ability for M. aeruginosa and short decomposition time of pseudofaeces resulted in low 

control efficiency for M. aeruginosa 

To measure the effectiveness of suspension feeding towards floating algae or cyanobacteria, I 

measured B. aeruginosa’s filtration rate, the algal elimination rate through suspension filtering and 

through digestion, and pseudofaeces and faeces decomposition time. 

The measurement of filtration rate determines the volume of water containing algae or 

cyanobacteria that can be filtered through the suspension feeding process. My results showed that the 

average filtration rate by Bellamya was 113.6 ± 57.5 ml· ind-1
 · h-1 (mean ± SD, n = 4) when provided 

with evenly-distributed unicellular cyanobacteria, M. aeruginosa. Similar results were obtained using 

Bellamya chinensis by Olden et al. (2013). Although it’s filtration rate is lower compared with Corbicula 

fluminea (347 – 490 ml· ind-1
 · h-1), the commonly high-efficiency filter-feeding benthic bivalve in this 

region (Way et al. 1990, Silverman et al. 1997). However, the suspension feeding process in C. fluminea 

showed selective feeding ability (Boltovskoy et al. 1995) that rejected colony-forming Microcystis back 

to water body directly, thus the density of Microcystis in the system was not reduced (unpublished data). 

On the contrary, suspension feeding in B. aeruginosa is a passive responsive process with no specific 

algal preferences, thus all types of algae and cyanobacteria will be filtered and wrapped in the 

pseudofaeces.  

The measurement of algal elimination rate through suspension filtering determines how much 

algae or cyanobacteria were damaged through the suspension filtering process. My results showed the 

total Chl-a did not change significantly before and after the suspension filtering process, indicating that 

suspension filtering is a physical process that is not detrimental to algae and cyanobacteria. 

The measurement of algal removal (cell death) rate through digestion determines how much algae 

or cyanobacteria were damaged through the grazing of pseudofaeces. Results showed over 80 % of the 
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Microcystis survived after being ingested by B. aeruginosa. Furthermore, the Microcystis removal 

percentage decreases with an increase in its grazing rate. On the other hand, when using the chain-shaped 

colony-forming cyanobacteria, Anabaena variabilis, and the unicellular Chlorophyta, Chlorella vulgaris 

for the experiment, the algae which survived was 3 % and 15 %, respectively (unpublished data). The low 

digestion efficiency for Microcystis may be due to the lack of certain enzymes in the digestive system to 

break down Microcystis mucilage.  

The measurement of pseudofaeces and faeces decomposition time determines how fast viable 

algae or cyanobacteria from the pseudofaeces and faeces can be released back to the water column.  The 

results showed that pseudofaeces and faeces containing Microcystis are easily broken with complete 

decomposition and concomitant release of intact Microcystis (i.e. reach stage 5) occurring within 17 and 

6.5 h under non-turbulent conditions, and 2.2 and 3 h under turbulent conditions, respectively, while 

pseudofaeces and faeces containing other cyanobacteria and algae can remain intact for significantly 

longer periods (> 120 h).  

Based on these studies, it is concluded that B. aeruginosa can effectively reduce the biomass of 

evenly-distributed algae and cyanobacteria in the water column through suspension feeding behaviour, 

leading to the increase in water clarity. However, when unevenly distributed cyanobacteria, e.g. floating 

Microcystis, existed in the water body, the overall efficiency was significantly reduced due lowered 

filtration and digestion rates, and fast decomposition of pseudofaeces and faeces that released viable 

Microcystis back to the water column.  

6.6 Silt and suspended particles changed the vertical distribution and structural robustness of 

pseudofaeces and faeces, significantly improving the control efficiency on M. aeruginosa 

Our analysis showed that pseudofaeces and faeces are key intermediate products in the M. 

aeruginosa degradation pathway. Silt and suspended particles changed the vertical distribution and 

structural robustness of pseudofaeces and faeces, leading to a different degradation pathway.  

Bellamya aeruginosa uses suspension filtration to capture floating colony-forming M. aeruginosa 

and to produce pseudofaeces containing mucus coated M. aeruginosa. The suspension filtration process is 
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not detrimental to M. aeruginosa as the pseudofaeces containing M. aeruginosa float and decompose 

rapidly, releasing viable M. aeruginosa back to the water column. Because pseudofaeces float at the 

surface layer, B. aeruginosa generally cannot graze on them, with only small portions of released 

pseudofaeces being grazed. In addition, B. aeruginosa showed low digestive ability for M. aeruginosa. 

Faeces produced by B. aeruginosa had a low density as pseudofaeces, they ruptured rapidly and the 

undigested M. aeruginosa were released back to the water column. The combined effect resulted in low 

control efficiency towards M. aeruginosa. 

In contrast, when silt or suspended particles are present in the system, the control efficiency of M. 

aeruginosa was significantly improved due to several alterations occurring in the pseudofaeces and 

faeces. Suspended particles increased the density of pseudofaeces, while silt increased the density of 

faeces, and they both settled to the benthic zone allowing B. aeruginosa to graze on them. In addition, it’s 

long decomposition time increases the chances for it to be grazed by B. aeruginosa.  The ingestion of 

faeces containing silt or suspended particles significantly increased the digestion rate of M. aeruginosa. In 

addition, silt and suspended particles that wrapped M. aeruginosa, enhanced the robustness of the 

pseudofaeces and faeces structures, significantly increasing the time for them to decompose, and therefore 

reducing M. aeruginosa viability. As such, the vertical distribution of pseudofaeces and faeces, as well as 

their structural robustness determines the degradation pathway and control efficiency of the snails. 

6.7 Hydrological manipulation created optimal feeding conditions similar to what was found in the 

laboratory experiment, leading to successful CHABs control with B. aeruginosa in the field 

Microcosm experimental results suggested a few conditions that could increase Bellamya’s rate of 

filtration or digestion of harmful cyanobacteria. These conditions include the increase of physical overlap 

between harmful cyanobacteria and Bellamya resulting in increases of ingestion rate, the increase of silt 

or turbidity in the water body resulting in increases of digestive efficiency, and the increase of biomass 

ratio of Bellamya to cyanobacteria resulting in increases of grazing pressure. To find out how these 

concepts can be applied under field conditions, a whole-lake biomanipulation experiment was conducted 

using B. aeruginosa to control CHABs.  Analysis showed the hydrological manipulation in the Baosteel 
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Reservoir created optimum feeding conditions similar to what was found in the laboratory experiments. 

These are more specifically: 1) a stable water level promotes B. aeruginosa migration to and population 

establishment in shallow areas, significantly increasing their density near the shoreline to graze on 

cyanobacteria located there; 2) a lowered water level created a flat shoreline platform at 4-m deep which 

increased the physical overlapping area of B. aeruginosa and cyanobacteria; 3) a high biomass ratio of B. 

aeruginosa to cyanobacteria in the overlapping area provides high grazing pressure from April to June; 

and 4) wind-induced currents increase shoreline turbidity that significantly improved the grazing 

efficiency of B. aeruginosa on cyanobacteria. These findings proved that biomanipulation using the 

freshwater gastropod species, B. aeruginosa, led to successful CHABs prevention in field conditions. 

6.8 The use of freshwater gill-breathing gastropods can address some concerns regarding the 

biomanipulation strategy 

This study suggested that the freshwater gastropod, Bellamya aeruginosa, is able to control 

CHABs blooms. Because they are abundant, they can be found in almost all types of freshwater 

ecosystems, can be easily collected and transported, thus considered a very suitable biomanipulation 

species. In addition, the use of Bellamya or other gill-breathing gastropods may address the following 

concerns regarding the biomanipulation strategy: 

Concern 1: There is a lack of use of native organisms that can either form a sufficiently large and 

stable population, or have high enough consumption rates on the harmful cyanobacteria. Until now, 

organisms that could be used to combat CHABs are limited to species of fish and herbivorous 

zooplankton species. 

Through this study of the freshwater gastropod, Bellamya aeruginosa, it was shown that this 

species uses suspension feeding to graze on cyanobacteria, and the control efficiency on Microcystis 

significantly increases with the presence of silt or suspended particles. Thus, it can be used in 

biomanipulation to control CHABs. In addition, similar suspension feeding behaviour and CHABs 

control results were observed with Viviparus georgianus, a gill-breathing gastropod native to the St. 

Lawrence River in Canada (unpublished data). Studies of these two species in different countries suggest 
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that the process is ubiquitous and may exist in numerous other gill-breathing freshwater gastropods as 

well. Since freshwater gastropods occupy a wide range of ecological niches in freshwater ecosystems and 

they can reach a high biomass in eutrophic water bodies, several native species could be studied to 

determine if they are also able to control CHABs. 

Concern 2: It is challenging to establish an appropriate grazing capacity of remediating 

organisms, such as zooplankton or planktivorous fish to match the onset of cyanobacterial blooms. 

Cyanobacterial populations vary dynamically on temporal scales, whereas zooplankton population 

dynamics often have different patterns to that of the harmful cyanobacteria. For example, zooplankton 

density often experiences significant declines at the end of spring which coincide with the time when its 

grazing power is most needed to control cyanobacteria. On the other hand, the density of planktivorous 

fish does not change much over a few months or seasons. Therefore, biomanipulation using planktivorous 

fish faces the dilemma of either not having enough grazing pressure to control cyanobacteria, or it suffers 

from the lack of alternative food sources during non-bloom seasons. 

Through the case study described in Chapter 5, it was shown that a high density of Bellamya in 

the water body can provide sufficient grazing pressure to CHABs through suspension feeding during the 

spring and summer seasons. On the other hand, Bellamya can also graze directly on algae, bacteria, 

sediment particles and organic detritus in the benthic zone and on substrates, so they can survive during 

the non-bloom season. In addition, because they are situated near the bottom of the "food chain", 

manipulation of gastropods such as increasing their biomass, has less ecological impact than for 

organisms at higher trophic levels. 

Concern 3:  Repeated application of biomanipulation in the same ecosystem could potentially 

compromise its efficacy in curtailing cyanobacterial blooms because many cyanobacteria serve as food of 

poor quality to zooplankton or planktivorous fish. It follows that the preferred feeding or filtering of other 

algae species promotes the growth of strains of toxic cyanobacteria. 
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In this study, it was shown that the suspension feeding process in B. aeruginosa is different than 

in bivalves, which is a passive responsive process with no specific algal preferences; i.e. thus all types of 

algae and cyanobacteria will be filtered and wrapped in their pseudofaeces. In addition, unlike bivalves 

that remain stationary on the bottom of waterbodies, B. aeruginosa is mobile and can migrate to shallower 

water near the surface layer and filter floating cyanobacteria. 

 Still it was seen that these snails had a low ingestion rate of pseudofaeces and faeces containing 

purely Microcystis because they float, and low digestion ability on any of these Microcystis that are eaten 

because they have mucilagenous protection. However, when silt or suspended particles were available in 

the system, the control efficiency of Microcystis was significantly improved due to several alterations 

occurring in the pseudofaeces and faeces. Silt and suspended particles increased the density of 

pseudofaeces and faeces, allowing them to settled to benthic zone where Bellamya ingestion rate 

increases. The ingestion of faeces containing silt or suspended particles significantly increased the 

degradation by Microcystis through an effect on secondary digestion. In addition, silt and suspended 

particles wrapped with Microcystis, enhanced the robustness of the pseudofaeces and faeces structure, 

significantly increasing the decomposition time that reduces Microcystis viability. When pseudofaeces 

and faeces settle on the bottom, benthic communities (e.g. protozoa, other invertebrates) are more likely 

to break down the cyanobacterial mucilage leading to their digestion (unpublished data). The lab study 

results were also confirmed by a field study that used B. aeruginosa to control CHABs over 10 years, in 

which diatoms and chlorophytes replaced cyanobacteria and become the major microphytes in the 

reservoir. Thus, it is concluded that the grazing of B. aeruginosa does not promote the growth of strains 

of cyanobacteria that are more toxic when silt or suspended particles are present. 

Concern 4: The control of CHABs is a relatively prolonged process. The long-term ecological 

effects of introducing one or more remediating species are often unknown and difficult to assess. 

Freshwater gastropods are situated near the bottom part of the food chain, and therefore, 

biomanipulations such as increasing their biomass, has less disturbance on the rest of the trophic levels in 
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an ecosystem. The field study also supported this hypothesis.  When using B. aeruginosa to control 

CHABs, the results over 10 years showed that the water quality significantly improved and did not alter 

the trophic structure significantly (unpublished data). 

6.9 The new prospective for the control of Microcystis blooms; Translocate Microcystis to the 

benthic zone 

The conventional strategy of biomanipulation of CHABs has been based on the food web theory 

that supports increasing top-down pressure to control harmful cyanobacteria. This is done either through 

increasing biomass of herbivorous species (e.g. zooplankton) or introducing high-efficiency herbivorous 

organisms (e.g. planktivorous fish) at each segmented trophic level. Unfortunately, none of these 

strategies have been proven effective. The findings of the present study propose a novel approach to 

control harmful cyanobacteria. Instead of manipulating food-chains at different trophic levels by 

introducing remediating species to where cyanobacterial infestations are located, this proposes to relocate 

Microcystis to its benthic eco-niche and retain it in the community where its density can be kept in check 

by the co-habituating organisms.  

This study suggests that the physical distribution of cyanobacteria is mostly at the surface layer 

where the majority of algae-grazing organisms or inhibitors (e.g. bacteria, virus, zooplankton, benthic 

invertebrates) are absent. The spatial heterogeneity in food webs is one of the important reasons that leads 

to the unrestricted growth of cyanobacteria to form blooms. However, it is very difficult to find an 

organism that features high efficiency in grazing cyanobacteria while at the same time sharing the same 

physical distribution as cyanobacteria. In addition, to effectively implement this bioremediation measure, 

i.e. to maintain a healthy and viable remediating organism population, it is necessary to control the 

density of the predators of the remediating organism while providing high nutrient quality nutrition i.e. 

microphytes as food in the ecosystem. Given the complex and dynamic nature of this requirement, it is 

almost impossible to manipulate multiple food-webs in an ecosystem. 

According to studies in both the laboratory and in the field, it was revealed that Bellamya’s 

digestive ability for cyanobacteria is not the major attribute that determines its control efficiency for 
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Microcystis. Rather, it is the properties of intermediate products from filtration and grazing, i.e. the 

pseudofaeces and faeces, that dictated its controlling ability and efficiency on floating Microcystis. In this 

study, the distribution of Microcystis in the water column is manipulated through the filtration and 

digestive processes of Bellamya when silt or suspended particles were present. More studies are needed to 

test whether other species or abiotic factors can facilitate the process as B. aeruginosa, that is 

translocating cyanobacteria to the benthic zone to prevent it from blooming. 

6.10 Future directions 

In this study, the control efficiency of Bellamya on Microcystis was demonstrated to be 

significantly improved when silt or suspended particles are present in the system. This is due to several 

alterations occurring in the pseudofaeces and faeces. Firstly, silt and suspended particles increase the 

density of pseudofaeces and faeces, and sunken pseudofaeces and faeces are able to be grazed by 

Bellamya, thus significantly increasing Bellamya’s ingestion rate for them. To implement this concept 

under field conditions to control CHABs, more study is needed to find out the minimal turbidity level that 

allows Bellamya to produce sunken pseudofaeces or faeces. Secondly, results showed that digestion 

efficiency increased with the presence of silt or suspended particles. However, the role of silt or 

suspended particles in the digestion process remains unknown. Did silt or suspended particles function as 

grinder facilitators? Did the digestion rate increase due to Microcystis colony break up? In vivo study is 

needed to understand the possible mechanisms. Thirdly, secondary ingestion faeces (grazing on faeces) 

showed significantly less viable Microcystis and they have longer decomposition times compared to 

regular faeces (grazing on pseudofaeces), which suggests a significantly higher digestion rate. Further 

study is needed to understand the effect of the secondary digestion process on Microcystis viability and 

digestion rate. Fourthly, results showed that structural robustness of pseudofaeces and faeces increases 

with silt and turbidity, resulting in longer decomposition time, and reduced Microcystis viability. The 

adverse environmental condition in the benthic zone as well as light blocking by the suspended particles 

may reduce Microcystis growth. More experiments are needed to understand the shading effect by the silt 



 

 

180 

and suspended particles. Lastly, observations showed that denser pseudofaeces and faeces may adhere to 

benthic surfaces in the field conditions, and microorganisms (microbial, protozoa, bacteria) were found 

attached to the pseudofaeces and faeces. This configuration is very similar to a biofilm, which has the 

potential function to break down the Microcystis colony and lead to cell degradation.  

In this study, there was a linear relationship between total cyanobacterial removal and the total 

precipitate portion (TPS) during experiments, suggesting that when higher amounts of Microcystis were 

carried to the benthic zone in the form of pseudofaeces and faeces, it led to a higher Microcystis removal 

rate. This finding has the potential to be applied in the field to analysis the efficiency of biomanipulation 

using Bellamya to control Microcystis blooms. Traditionally, it’s difficult to evaluate the effectiveness of 

biomanipulation because the uneven distribution pattern of Microcystis makes monitoring of changes in 

their biomass very difficult. In contrast, taking benthic samples is relatively easy. If benthic samples show 

significant increases in Microcystis in a short time, then it can be predicted that the biomanipulation 

through Bellamya is effective, and vice versa. More study is needed to understand if this relationship 

exists when using Bellamya to control other harmful cyanobacteria, and more experimentation is needed 

to further develop this method for field application.
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Appendix A  

Supplementary material to Chapter 2  

 
Figure A.1 Experimental chamber designed for suspension feeding observations. 

 
Notes: 
A, Schematic illustration of the design, which includes a transparent rectangular plastic box, a tube 
shaped supporting post and snail.  The snail was attached to the post using hot plastic glue; B, 
Experimental chamber top-view showing the morphological structure related to suspension feeding; c, 
ctenidium; fg, food groove; fg-e, cephalic food groove; nl-r, right nuchal lobe, i.e. exhalant siphon; m, 
mouth  
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Figure A.2 The experimental system design for measuring Microcystis elimination rate through 
suspension feeding. 

 
Notes: 
Tube A, a nylon partition below the snail allows Bellamya aeruginosa to migrate and have access to the 
water surface to perform suspension feeding on floating colony-forming Microcystis; Tube B, B. 
aeruginosa is placed between two nylon partitions, faeces will either float to the surface of water or sink 
to bottom, to prevent B. aeruginosa from grazing its own faeces. 
  



 

 

201 

 

Figure A.3 The relationship between cell number of colony-forming Microcystis aeruginosa and 
chlorophyll-a measurement results 

Notes: The cell counting of colonial Microcystis sp. is a rather difficult and error-prone process, as this 
genus forms irregularly-shaped and irregularly-sized colonies, which are packed with cells. Accurate cell 
counts are very difficult to make and are subject to significant individual variations within intact colonies. 
On the other hand, Chl-a measurement is a fast and reliable method that can be used to determine the 
concentration of suspended phytoplankton. In this study, we established a relationship between the cell 
number of colony-forming Microcystis aeruginosa and the amount of Chl-a.  
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Appendix B  

Supplementary material to Chapter 3 

 
Table B.1 Grain-size distribution patterns of two processed samples 
 
Processed sample 
name 

Clay 
(<4 µm) 

Silt 
(4-62.5µm) 

Sand 
(62.5-2000µm) 

Average size 

Dishui Lake 18.4% 69.8% 11.9% 28 µm 

Dianshan Lake 50.1% 35.6% 14.3% 8 µm 
 
Notes: The grain-size composition does not reflect the actual lake sediment properties due to the pre-

sorting process 
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B.1 Calculation of cyanobacterial biomass of TPS sample: 

The concentration of Chl-a was calculated as below: 

!"#$%& = ()).+,× .//0%.123 %).,4× ./01%.123 %5.5+× ./63%.123 ×78
9×7:

  Eq. B-1 

Where: 

!"#$%&:  Chl-a concentration in microgram per liter 

E664: Absorbance of the sample extract at 664 nm against a 90 % acetone blank; same for E750, 

E647, E630  

L: Cuvette light-path, in centimeter. 

Ve: Volume of extractant, in milliliter 

Vf: Volume of filtered water sample, in liters 

When different types of sample were tested, Vf needs to be adjusted accordingly: in TWS, RWS, 

FPS, and PPS the volume of sample was 0.05 L. However, TPS was to collect all precipitate using a 

siphon in a 3 x 3cm area, thus collected volume of each sample may vary. To standardize TPS sample 

results, Chl-a concentration derived from the Equation B-1 was used to calculate total Chl-a amount for 

this layer and then divided it by the total volume in the experimental chamber, the equations is shown as 

listed below: 

!;<%"#$%& = !"#$%&×=>× ?@A
?@B

÷ =D      Eq. B-2 

Where: 

!;<%"#$%& : Standardized Chl-a of total precipitate, in microgram per liter 

!"#$%& : Chl-a concentration of the sample, in microgram per liter 

Vf: Volume of filtered water sample, in liters 

Vt: Total volume in the experiment system, in liters 

SAt: Total benthic surface area in square meter 

SAs: Sampled benthic surface area in square meter 
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Appendix C  

Supplementary material to Chapter 5 
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 Table C.1 Common phytoplankton species of BaoSteel reservoir and their seasonal appearance in water 
samples before applying biomanipulation strategy (2003) 

 Month Jan. Feb. Mar. Apr. May. Jun. Jul Aug. Sep. Oct. Nov. Dec. 
Diatom 
 Asterionella formosa  + + + - - - - - - - + + 
 Melosira varians  + + + + + + + + + + + + 
 Melosira granulate + + + + + + - - - - + + 
 Synedra ulna + + + + + + + + + + + + 
 Navicula plcentula + + + + + + + + + + + + 
 Gyrosigma attenuatum - - + + + + - - - - - - 
 Cyclotella meneghiniana + + + + + - - - - - + + 
 Cymbella sp. - - + + + - - - - - - - 
 Fragilaria capucina  + + + + + - - - - + + + 
 Melosira undulate + + + + + - - - - - + + 
 Nitzschia sp. - + + + + + + + + + - - 
 Cocconeis sp. - - + + + - - - - - - - 
 Attheya zachariasi  - - - - - - + - - - - - 
 Rhizosolenia eriensis - - - - - - + - - - - - 
Cryptophyta 
 Cryptomonas sp. + + + + + + + + + + + + 
Dinoflagellata 
 Ceratium hirundinella - + + + + + - - - - - - 
Chlorophyta 
 Oocystis sp. - - + + + + + + + - - - 
 Tetrastrum sp. - - - + + + - - - - - - 
 Chlorella vulgar - + + + + + + + - - - - 
 Eudorina elegans - - + + - - - - - - - - 
 Scenedesmus quadricuda    + + + + + + + - - 
 Oocystis sp. - - - + + + - - - - - - 
 Micractinium pusillum - - - + + + - - - - - - 
 Closterium sp. - - - + + + - - - - - - 
 Pandoria morum - - + + + - - - - - - - 
 Pediastrum sp. - - + + + + + + + + - - 
 Chamydomonus sp. - + + + + + + + + - - - 

Cyanobacteria 
 Microcystis aeruginosa - - - + ++ ++ ++ ++ ++ + - - 
 Osicillatoria splendida + + + + + + ++ ++ + + + + 
 Anabaena flos-aquae - - - + ++ ++ + + + - - - 
 Aphanizomenon flos-aquae - - - - - - + + - - - - 
 Merismopediu sp. - - - - + + + + + - - - 
 Nostoc sp. - - - - - + + + - - - - 
 Anabaena spirioides - - - - - + + + - - - - 
 

‘-’ means not found; ‘+’ means found in water sample; ‘++’ means predominant in water sample  
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Table C.2 Background information about major fish and benthic invertebrate species in BaoSteel 
reservoir 

 

Category Species name  Estimate Quantity (2003) 
Stocked fish Hypophthalmichthys molitrix  180 tonnes 

Hypophthalmichthys nobilis 11.76 tonnes 
Carassius carassius 2 tonnes 
Megalobrama amblycephala 1.6 tonnes 

Native fish  Mylopharyngodon piceus  
 
 
 

Rare 

Cyprinus carpio 
Siniperca Chuatsi 
Erythroculter ilishaeformis 
Hemibarbus maoulatus bleeker 
Pseudorasbora parva 
Ophiocephalus argus argus cantor 
Misgurnus anguillicaudotlus 
Neosalanx tangkahkeii taihuensis Chen 
Anguilla Japonica Temminck et schlegei 

Benthic 
Invertebrate  

Bellamy aeruginosa 100 tonnes 
Corbicula fluminea 

 


