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Abstract 

 

Dreissena polymorpha (zebra mussel) and Margaritifera margaritifera (pearl mussel) are 

freshwater bivalves. Both are found within the Neagh Bann Catchment in Northern Ireland 

UK.  

This project investigated the presence and abundance of D. polymorpha in Lough Neagh, the 

Lower Bann and Ballinrees reservoir. Whilst D. polymorpha has extended its previously 

known geographic range in the Neagh Bann catchment beyond the lough, the abundance of 

this notoriously invasive species has remained very low in Lough Neagh. Inhibiting factors 

were identified and investigated. Of particular importance was substrate suitability, as 85 % 

of the lough bed is unsuitable for D. polymorpha settlement. Due to Lough Neagh’s shallow 

depth and large surface area wind driven currents frequently resuspend particulate matter 

which inhibit mussel filter feeding and potentially smother sessile mussels. Water temperature, 

dissolved oxygen content and electrical conductivity of Lough Neagh did not exceed the 

tolerance range for D. polymorpha survival and replication. The abundance of the parasitic 

ciliate Conchophthirus acuminatus in D. polymorpha mussels was compared across Lough 

Erne, Lough Neagh, the Lower River Bann and Ballinrees Reservoir. The parasite 

presence/absence pattern suggested that the mussels arrived in Lough Neagh as adults and 

spread from there as larvae throughout the Neagh Bann catchment. DNA analysis of D. 

polymorpha from the same four sites provided no evidence for introductions from source areas 

with genetically different mussel strains.  

Salmonid fish from the Ballinderry River (Northern Ireland) were exposed to glochidiosis by 

freshwater pearl mussels (Margaritifera margaritifera) under semi-natural hatchery 

conditions. Genetically distinct pearl mussel populations from the upper and lower regions of 

the Ballinderry river both displayed glochidial host preference for river trout (Salmo trutta), 

notably Dollaghan, thus emphasising the importance of these endemic fish for the future 

survival of M. margaritifera within the Ballinderry River. No Ballinderry River pearl mussel 

glochidia survived the parasitic life stage on Atlantic Salmon (Salmo salar) in captive breeding 

conditions. Closer inspection of Salmo trutta gills showed that older fish (1+ and 2+) carried 

greater encysted loads, although they were less susceptible to glochidial encystment than 

juvenile (0+) fish. Based on other studies glochidia excyst around day 350, in this study by 

day 337 all glochidia had excysted from host fish during captive bred trials. Margaritifera 

margaritifera glochidial fish host preference in the Ballinderry River for trout differs from 

host preference of other pearl mussel populations in Northern Ireland. It is therefore essential 

that fisheries management policy change conducts risk assessments at a catchment scale, in 

order to make good conservation and policy choices. 
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An increasing frequency in the occurrence of bacterial multidrug resistance against antibiotics 

has raised the question about the potential contribution of environmental processes to this rise. 

In this study’s laboratory experiments filter feeding by D. polymorpha had an effect on 

vancomycin resistance transfer in Enterococcus faecalis. Furthermore, the presence of 

phytoplankton (Palmellopsis sp.) facilitated higher transfer efficiencies. Presumed conjugal 

transfer of antimicrobial resistance in D. polymorpha occurred at a maximal transfer efficiency 

of 10-6. This is evidence for the ability of benthic filter feeders such as D. polymorpha to 

facilitate the emergence and spread of multidrug resistance against antibiotics among faecal 

bacteria in aquatic environments which receive pollutant transfers from faecal sources.  

Careful management of the Neagh Bann Catchment is required to limit the spread of invasive 

zebra mussels, to encourage the survival and recovery of pearl mussel populations through 

good habitat management and host survival and to minimise the spread of antimicrobial 

resistance in the natural environment by improved waste and wastewater management.  
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Chapter 1. Introduction 

 

1.1 Project Rationale 

 

Bivalves are an important component of many aquatic environments as they play a key role in 

aquatic ecosystem functioning. Filtration is their most prominent activity. They filter a wide 

range of fine particles, including phytoplankton, bacteria, particulate organic matter, inorganic 

particles, and planktonic larvae from the water (Vaughn & Hakenkamp, 2001). Their filter 

feeding can have noticeable effects on the nutrient dynamics of aquatic systems, especially at 

high levels of bivalve abundance (Vaughn & Hakenkamp, 2001). The activity of these eco-

engineers clarifies the water column as biotic and abiotic particulates are removed from 

suspension and deposited via excretion and deposition of faeces and pseudofaeces to the 

benthos, thus transferring organic and nutrient rich particulates to the bottom.  

Nevertheless mussels can also be agents of resuspension. Burrowing behaviour e.g. from 

Unionid mussels disturbs sediments, resulting in their oxygenation and nutrient release from 

interstitial spaces into the water column (Vaughn & Hakenkamp, 2001). Bivalve shells can 

also provide habitat for epiphytic and epizoic organisms; settled bivalves modify previously 

labile benthic habitat by stabilising ambient sediment which can thus become suitable refugia 

for other benthic fauna (Vaughn & Hakenkamp, 2001).  

Good management of Lough Neagh and its tributaries is essential for the survival of a wide 

variety of species and human interests. 

The mussel species Dreissena polymorpha is a highly successful invasive species, which has 

been able to expand its geographic range in Ireland and the Northern hemisphere quite rapidly, 

often transforming the ecology of lakes it has moved into. Hence its first record from Lough 

Neagh in 2005 sparked immediate concerns that the presence of this invasive mussel would 

also trigger significant changes in the Lough’s ecology. Impacts were thus to be anticipated 

for the regional economy and ecology. Lough Neagh is the UK’s largest lake by surface area, 

supplies a third of Northern Ireland’s drinking water, hosts an important commercial fishery 

and provides a source of sand for several commercial sand extraction companies. Prospective 

ecological consequences could extend far beyond Northern Ireland, as Lough Neagh is also 

home to many migratory bird species and fish species.  

Monitoring the population dynamics of invasive species with such transformative ecological 

potential is important in order to retain options for timely mitigation, e.g. through interventions 

aimed at population control and at preventing its further spread into adjacent water bodies. 

Dreissena surveys have been carried out intermittently after 2005, from 2008 to 2012 and in 
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2013, but the current (post 2013) population status of D. polymporpha in Lough Neagh was 

therefore unknown. Mapping its geographic distribution in the lough and downstream water 

bodies and investigating its recruitment will provide valuable information for stakeholders 

involved in managing the ecological status of Lough Neagh and the sustainable use of its 

resources for future generations.  

While D. polymorpha is notorious for its rapid expansion capacity, the freshwater pearl mussel 

Margaritifera margaritifera has been suffering a long-term decline in the Neagh Bann 

catchment due to historic exploitation and environmental degradation. Primarily intensive 

catchment drainage management resulting in high streambed siltation and unfavourable flow 

velocities. Not only do pearl mussels require a decade before they reach sexual maturity, but 

their complex life cycle also make their success in recruitment dependent on salmonid fish. 

Hence conservation efforts for this mussel species have to give due consideration to the 

environmental requirements of the host fish species as well. However, as individual mussel 

populations may differ in their host preference, it remained to be investigated which salmonid 

species the pearl mussels in the River Ballinderry actually depended when captive bred, in 

order to make informed decisions on management options like supporting captive breeding 

programmes or restoration measures that might benefit individual fish species.  

Lough Neagh and its tributaries continue to be exposed to animal waste, wastewater and 

effluents from wastewater treatment plants and septic tank outflows. All of these sources 

transfer faecal bacteria into the aquatic environment, many of which carry an antimicrobial 

resistance. The emergence of multidrug resistant bacteria led to the relatively recent search for 

environmental feedback processes that might increase horizontal resistance gene transfer rates, 

e.g. through provision of spatial proximity among bacteria with different resistance profiles.  

Filter feeding organisms such as mussels concentrate bacteria and other small waterborne 

particles on their filtering apparatus and in their intestines. This triggered the question whether 

such organisms contribute to the spread of multidrug resistance in the environment. Exploring 

the potential role of bivalves in this context will contribute to an improved understanding of 

how antimicrobial resistance is spread. It will provide evidence as to whether further 

restrictions in the use of antimicrobials and the natural environment’s exposure to faecal waste 

are matters of urgency.  
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1.2 Thesis structure 

 

The unifying theme of this thesis is to address important issues of conservation and 

environmental pollution in the Lough Neagh Catchment that are associated with the bivalves 

Dreissena polymorpha and Margaritifera margaritifera. Chapter 2 introduces the Lough 

Neagh Catchment and the mussel species Dreissena polymorpha and Margaritifera 

margaritifera. Chapter 3 examines the Dreissena polymorpha population in Lough Neagh and 

the Lower Bann. Chapter 4 investigates the glochidial host preferences of Margaritifera 

margaritifera in the Ballinderry River, a tributary of Lough Neagh. Chapter 5 explores 

whether filter feeding by Dreissena polymorpha can play a role in the transfer of antimicrobial 

resistance between bacteria. Chapter 6 discusses the findings of these chapters in relation to 

improving the environmental management within the Lough Neagh Basin. 

 

1.3 Aim, Hypothesis and Objectives  

 

There were three experimental chapters in this research project.  

The current distribution of D. polymorpha in the Lough Neagh basin was unknown. The first 

experimental chapter (chapter 3) focused on the aim to investigate the current geographic 

distribution larval dispersal of D. polymorpha near shores of Lough Neagh, banks of the Lower 

River Bann and a reservoir fed by water from the Lower River Bann.  

Hypotheses of chapter 3 

H1.  The larval abundance of D. polymorpha in Lough Neagh will be higher than in 

previous recorded population studies. 

H2.  The current D. polymorpha population in Lough Neagh will have expanded from its 

historic base, throughout the Neagh Bann catchment. 

 

Objectives of chapter 3 

3.1.  To survey the near shore presence and abundance of D. polymorpha larvae and pelagic 

zooplankton in Lough Neagh from the collection of shoreline samples.  

3.2.  To monitor the littoral and sublittoral presence and abundance of juvenile zebra 

mussels on shores of Lough Neagh and on banks of the Lower River Bann using mussel spat 

panels. 
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3.3.  To analyse the genetic structure of D. polymorpha from several sites and to examine 

the mussel parasites, in order to infer the possible dispersal history of the zebra mussel invasion 

in the Neagh Bann catchment. 

3.4. To investigate potential causes for the slow invasion of D. polymorpha with a 

particular focus on substrate availability and the role of wind action on potential resuspension 

of lake bottom substrates by wind action in Lough Neagh. 

 

The preferred fish host species for glochidia of the populations of Margaritifera margaritifera 

in the Ballinderry River, a tributary of Lough Neagh, was unknown. Therefore, the second 

experimental chapter (chapter 4) focused on the aim to identify the glochidial host preference 

of the two genetically distinct populations of pearl mussel within the Ballinderry River. 

Hypotheses of chapter 4 

H3.  Margaritifera margaritifera will display host preference for one particular salmonid 

species. 

H4.  Margaritifera margaritifera from the upper and lower Ballinderry River populations 

will display a host preference for the same salmonid species.  

H5.  Older salmonid fish and previously encysted salmonid fish will have lower glochidial 

encystment rates than younger salmonid fish. 

 

Objectives of chapter 4 

4.1.  To investigate if lower Ballinderry mussel glochidia encysted age 0+ Salmo salar and 

age 0+ Salmo trutta in captivity. 

4.2.  To investigate if upper Ballinderry mussel glochidia encysted age 0+ and 1+ Salmo 

salar and Salmo trutta 0+, 1+ and 2+ cohorts in captivity. 

4.3.  To test for differences in density and duration of glochidial gill encysted between the 

Salmo salar and Salmo trutta and individual cohorts of these species in captivity. 

4.4.  To observe if Salmo trutta which had remained unencysted in spite of exposure to 

upper Ballinderry glochidia at age 0+ became encysted when re-exposed age 1+ in captivity. 
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Multidrug resistance of bacteria is an emerging health threat. A facilitating role by filter 

feeders for the acquisition of multidrug resistance has been suggested but had not been tested 

for bivalves (Lupo, Coyne & Berendonk, 2012).  The third and final experimentation chapter 

(chapter 5) focused on the aim to investigate whether filter feeding by Dreissena polymorpha 

had an effect on the horizontal transfer of vancomycin resistance in Enterococcus faecalis. 

This study used bacterial strains from Conwell et al, 2017, the process used conjugation. 

Hence bacteria with a co-resistance to vancomycin and rifampicin are referred to as 

transconjugants in the hypotheses and objectives. 

Hypotheses of chapter 5 

H6.  The number of waterborne transconjugants will be higher in the presence of a mussel. 

H7.  The abundance of transconjugants will be highest in the pseudofaeces relative to in 

the mussel shell, visceral mass or gills. 

H8.  The presence of phytoplankton will increase the transfer efficiency. 

 

Objectives of chapter 5 

5.1.        To investigate if mussels increase the transconjugant numbers in ambient water. 

5.2.        To compare transconjugant numbers from mussel shell, visceral mass, gills and 

pseudofaeces.  

5.3.        To investigate the impact of phytoplankton co-filtration by mussels on the quantity of 

transconjugants. 
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Chapter 2. Literature review 

 

2.1 Dreissena polymorpha (Zebra Mussels) 

 

2.1.1 Dreissena polymorpha distribution 

 

Dreissena polymorpha was first discovered and described in the northern Caspian Sea and 

Ural River by Pallas in 1769. The geographic range of this species has extended dramatically 

since then. The first record of its presence in Hungary dates from 1794. The rapid invasion of 

water systems in Britain, Germany and USSR started in the early to mid-1800s and is 

continuing to the present time. Zebra mussel presence was first recorded in Scandinavia in the 

1940s, in Swiss lakes and in Italy in the 1960s; the start of the American invasion occurred in 

the mid-1980s, and the species further expanded its range to Finland and the Iranian coast of 

the Caspian Sea in the 1990s (Makie et al., 1989; Hamilton et al., 1995). 

In Ireland, D. polymorpha was first observed and identified in 1997 in the lower River Shannon 

(McCarthy & Fitzgerald, 1997). Mostly likely it was introduced in 1994 attached to leisure 

craft brought in from Britain during a drop in tax charges (Minchin & Moriarty, 1998). From 

the Shannon it probably spread via the canal network, to the Shannon-Erne waterway, to 

establish itself in Lough Erne, Northern Ireland (Reynolds & Donohoe, 2001). Dreissena 

polymorpha was first discovered in Lough Neagh, Northern Ireland, in 2005 (McLean et al., 

2010). 

 

 

2.1.2 Dreissena polymorpha importance 

 

Dreissena polymorpha is a bivalve filter feeder. As bio-engineers these mussels selectively 

consume phytoplankton and rotifers (Sinclair & Arnott, 2015).  D. polymorpha can ‘‘directly 

or indirectly control the availability of resources to other organisms by causing changes in the 

physical state of biotic or abiotic materials’’ (Karatayev et al., 2014). There is limited 

knowledge on the feeding behaviour of the pelagic lifecycle stage of D. polymorpha 

(Vanderploeg et al., 1996), but both zebra mussel adults and larvae appear to share a feeding 

preference of phytoplankton over detritus particles (Pires et al., 2004). 

For breathing and filtration water is drawn into the mussel through a siphon; ciliated cells aid 

the flow of water across the gills. Dreissena polymorpha has an eulamellibranch gill 

structure; the central water channel is enveloped by two epithelial lamellae, which consist of 

solid sheets of tissue formed by a high number of filaments and interlamellar junctions (figure 

2.1). 
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Figure 2.1. a)  The respiratory and digestive organs of an adult Dreissena polymorpha. The 

blue arrows indicate water flow in, through and out of the mussel, brown arrows indicate faeces 

and pseudofaeces expelled from the mussel. b)  Shows the central water channel (WC) between 

two epithelial lamellae (Figures sourced from Silverman et al., 1996). 

 

Musculature is organized so as to regulate size of ostia water channels. Cirri coated in mucus 

have the ability to capture food particles < 1 μm; ciliary movements also generate water 

currents to trap food (Silverman et al., 1996). Phytoplankton grazing rates of settled D. 

polymorpha can exceed those exerted by the mussel’s planktonic larval stage known as veliger, 

on phytoplankton by a factor of 1162 μL individual-1 d-1 (MacIsaac et al,. 1992). Dreissena 

polymorpha veligers have a mean clearance rate (for 2.87 μm beads) of 247 to 420 μL veliger-

1 d-1. Reef-associated Dreissena mussel populations can filter up to 132 m3 L−2 day−1 from the 

overlying water column; they thus can deplete chlorophyll a concentration to levels <1 μg L−1 

transferring food resources and associated energy from pelagic waters to benthic environments 

(MacIsaac et al,. 1992). Because adult zebra mussels have such a high filtration rate, it is 

important to define the sessile population for an assessment of their impact on an ecosystem.  

 

D. polymorpha has a high fecundity (see lifecycle fig 2.2); this allows the population to grow 

rapidly (Minchin et al., 2002). The reported number for the oocyte production by mature 

female D. polymorpha mussels varies considerably. Estimates range from 30,000 to 1.1 

million oocytes per year (Stańczykowska in 1977; Borcherding, 1991; Ram et al., 1993). The 

estimate of 1 million oocytes per female per year has been the most widely reported in peer 

reviewed literature (Borcherding, 1991). Oogenesis can start in 1 year old specimens; oocytes 

mature in successive cohorts within one gonad. Dependent on temperature and depth, oocytes 

are released multiple times per year (Borcherding, 1991). Due to their lower investment in 

resources, male D. polymorpha have an even greater capacity for reproduction (Otter, 1991; 

A B 
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Ram et al,. 1993). It has also been suggested that in most European lakes D. polymorpha larvae 

experience > 99 % mortality (MacIsaac et al., 1991). Veliger survival will vary from lake to 

lake. The time required for a fertilized egg to develop into a juvenile mussel is temperature 

dependent and ranges from 8 to 240 days (Nichols, 1996). This extended larval development 

time allows D. polymorpha to be transported vast distances by wind driven currents or 

downstream flow (Minchin et al., 2002). Observations on the release of gametes have found 

that it can be synchronised within a 1 to 2 week period or occurs completely non-synchronized 

throughout the year (Nichols, 1996). In Ireland, Lough Key, D. polymorpha spawning has 

been recorded throughout the summer (Lucy, 2006). Ackerman et al. (1994), produced a 

comprehensive summary of the time taken for each larval life stage. Spawning through 

fertilisation to swimming larvae takes 48 to 96 hours, Trocophore stage fertilization to D-shell 

takes 7 to 9 days, D-shell to settlement takes 30 to 100+ days (Sprung, 1993). The larvae of 

Dreissena sp. (Zebra and Quagga mussels) attach to firm surfaces using byssal threads 

(Minchin et al., 2002). Hard substrate is preferred, although D. polymorpha has also been 

found to colonise soft sediments such as mud, marl and sand, and can attach to submerged 

vegetation (Millane et al., 2008; Dermott & Munawar, 2011). Under favourable conditions D. 

polymorpha can grow to adult size and maturity within a year (Wright et al., 1996). Biofouling 

caused by the larval settlement of D. polymorpha creates a wide range of problems for the 

environment and industries reliant on surface water intake, e.g. for cooling, hydropower 

generation or drinking water production (Minchin et al., 2002). 
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Figure 2.2. Life history cycle of the zebra mussel (D. polymorpha). Source: Mackie 1991. 

 

2.1.3 Dreissena polymorpha management 

 

Chemical, physical and biological methods for eradicating D. polymorpha have been tried and 

tested; there has been very little success of attempts to completely remove zebra mussels from 

infested waterbodies. As a result the problems caused by D. polymorpha persist (Karatayev et 

al., 2014).  

 

Chlorination has historically been the most effective treatment against Dreissenids, however 

the mussels close their valves in response to the presence of chlorine and can thus withstand 

episodic shock chlorination for the cleaning of pipes. The BioBullet is an encapsulation of KCl 

in microscopic particles of edible material, mussels filter the encapsulations from the water, 

digest the edible packaging and are subsequently exposed to lethal levels of chlorine (Aldridge 

et al., 2006). Pf-CL145A, an isolate of Gram-negative bacterium Pseudomonas fluorescens, 

can be used as an effective selective control agent against Dreissenid mussel species (Molloy 

et al., 2013b).  Both dead and live Pf-CL145A cells can cause > 90 % mussel mortality when 

mussels are exposed to 100 ppm Pf-CL145A for a few days (Molloy et al., 2013a).  Mussel 

mortality occurs following lysis and necrosis of the digestive gland and sloughing of the 
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stomach epithelium (Molloy et al., 2013a). Neither chlorine treatment, the BioBullet nor Pf-

CL145A have seen wide use in the UK possibly due to the potential side effects these 

treatments have on other ecosystem elements, especially native bivalve species.  

 

Prevention is therefore the preferred choice of action; across America and Europe local 

governments have put up posters and signs around watercourses warning users, e.g. boaters 

and anglers, and disseminating instructions on how to clean and wash equipment, in order to 

prevent the spread of mussel larvae (Britton & McMahon, 2005). People who use water bodies 

invaded by D. polymorpha have had to adapt to the possibility that the mussels might never 

be removed. For example, underwater structures can be plated in copper and copper alloy 

materials which prove to be highly effective in the prevention of biofouling by D. polymorpha 

(Dormon et al., 1996).  
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2.2 Margaritifera margaritifera (Pearl Mussels) 

 

2.2.1 Margaritifera margaritifera distribution  

 

The distribution of Margaritiferidae spans the holarctic regions of North America and Eurasia 

(Walker, 1910). In North America Margatritiferidae range from Newfoundland, southern 

Labrador, eastern Quebec down to the north of Pennsylvania (Young et al., 2001). In Europe 

M. Margatritifera have been found in Portugal, Spain, France, Germany, Austria, the Czech 

Republic, Norway, Sweden, Finland, Russia, Britain, and on the island of Ireland (Young et 

al., 2001). Before the 1950s M. margaritifera was still found in four river catchments in 

Northern Ireland (figure 2.3); the Foyle, Bush, Erne and Neagh Bann (Young et al., 2001). 

Four of the tributaries flowing into Lough Neagh; the Upper Bann, the Blackwater, the Moyola 

and the Ballinderry have hosted a large proportion of the historical population of Pearl mussels 

in Northern Ireland (Beasley et al., 1998). Post 1950 (figure 2.4 a&b), M. margaritifera has 

only been reported from parts of the Foyle and Erne catchments and in the Ballinderry River 

(Beasley et al., 1998; Young et al., 2001).  

 

Figure 2.3. Map showing the major river systems in Northern Ireland. The shaded areas show 

the historic recorded distribution of pearl mussels in Northern Ireland pre 1950. Source: 

Beasley et al., 1998. 
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Figure 2.4 a. Rivers in Northern Ireland with extant mussel populations: (a) Ballinderry, (b) 

Owenkillew, (c) Owenreagh, (d) Swanlinbar, (e) Tempo, (f) Waterfoot and historic mussel 

populations: (g) Upper Bann, (h) Bush, (i) Colebrooke, (j) Moyola, (k) Mourne/Strule. Source: 

Wilson et al., 2011. 
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Figure 2.4 b. Rivers in Northern Ireland where the freshwater pearl mussel was recorded historically 

but from which no recent records have been obtained i.e. presumed locally extinct (blue hatching) 

including (a) Blackwater, (b) Bush, (c) Broughderg, (d) Colebrooke, (e) Derg, (f) Drumragh, (g) 

Finn, (h) Glenelly, (i) Mourne/Strule, (j) Moyola, and (k) Upper Bann (data extracted from Mackie 

(1992); Preston et al. (2006)) and those where it remains extant with recent records (red hatching) 

including (l) Ballinderry, (m) Cladagh (Swanlinbar), (n) Owenkillew, (o) Owenreagh, (p) Tempo, 

and (q) Waterfoot (data from the current survey). Monitoring locations are shown as black dots 

within the current range. Source: Reid et al., 2013.
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2.2.2 Margaritifera margaritifera decline 

 

The decline in pearl mussel distribution has been put down to deteriorating water quality, habitat 

disturbance through channelisation and pearl mussel fishing (Beasley et al., 1998). In a Northern 

Ireland mussel survey by Beasley et al (1998) only a few individuals representing size categories 

under 30 mm were found. This is evidence for a persistent lack of recruitment success. 

Consequently, without mitigation against the environmental stressors, pearl mussels will soon be 

extinct from Northern Ireland. Brooding populations of pearl mussels still exist, but only in six 

rivers in Northern Ireland (figure 2.4b). These populations are comprised entirely of aged 

individuals with little evidence of recent recruitment (Reid et al., 2013). The main cause for 

population decline and poor recruitment in Northern Ireland appears to be the mussel’s sensitivity 

in the life cycle stage of glochidial metamorphosis and settlement into the interstitial spaces of the 

stream bed. High levels of siltation from deposition of suspended solids severely constrain water 

exchange in the hyporheic environment and thus expose these small mussels to hypoxia resulting 

in high juvenile mortality (Reid et al., 2013). Catchment drainage directly affects the level of 

siltation and flow velocity over the river bed, M. margaritifera are not adapted to catchment habitats 

that are subject to regular fine sediment infiltration followed by substrate cleansing (Moorkens & 

Killeen, 2014). The decline of this highly threatened naiad is not unique to Northern Ireland. 

Substantial and sustained declines have been reported of pearl mussel populations in Scotland, 

Wales, England, Ireland and throughout the entire European range (Cosgrove et al., 2000; 

Moorkens et al., 2018; Young, 1991). 

 

Much pearl mussel habitat has been lost through destruction in the wake of re-engineering stream 

channels through straightening deepening and other channelisation (Cosgrove et al., 2000; Young 

et al., 2001). As seen in figure 2.5 the rivers in Northern Ireland including the Ballinderry River are 

some of the most heavily and extensively modified rivers in the UK (Acreman, 2000). 

Hydromorphological modification changes hydrodynamics over the river bed, sediment dynamics 

and causes river bed and bank instability, all of which are detrimental to mussel survival (Hastie et 

al., 2001). Loss of riparian buffer zones and bank modifications can also contribute to changes in 

flow duration regimes with increased discharge peaks, nutrient and sediment loads in rivers (Hastie 

et al., 2001). Loss of salmonid spawning beds occurs as these become chocked with sediment 

(Alabaster, 1972). Overfishing and poor river management has led to lower abundances of pearl 

mussel larval hosts, Atlantic salmon (Salmo salar) and trout (Salmo trutta); this has resulted in 

further declines of juvenile mussel recruitment to already struggling populations (Hastie & 

Cosgrove, 2001; Young et al., 2000). Changes in climate increase the frequency of extreme events 

like severe floods which dislodge mussels from their stands for downstream transport or 

catastrophic drought periods with desiccation of river beds and extirpation of resident mussels 
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(Hastie et al., 2001; Wilkinson et al., 2015). Siltation, oxygen deficiency, heavy metals, 

acidification and eutrophication significantly reduce the survival of sensitive pearl mussels 

(Ziuganov et al, 1994). Increased transfers of pollutants into the mussels’ aquatic environments 

have resulted from intensification of agriculture (eutrophication from excessive nutrient runoff, 

siltation e.g. through mobilisation of fine particles from damaged/eroded river banks), forestry 

practices (fertilisation, acidification from conifer plantations, sediment transfers from clear felling, 

changed discharge regimes due to drainage and afforestation), quarrying (siltation) and ineffective 

policing of wastewater discharges e.g. single house discharges from septic tanks (Young et al., 

2001).  

 

 

Figure 2.5. Map showing levels of channel modification in the UK. The red circle in Northern 

Ireland has been added to highlight the river catchment site (Ballinderry River) for study chapter 4. 

Source: Acreman 2000.  

  

Records of people fishing for natural pearls found in M. Margaritifera in Europe go back thousands 

of years, pearl mussel fisheries have been recorded at least as early as Roman times (Dall, 1883; 
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Lucey, 2005). From the sixteenth century until the twentieth century there were large scale fisheries 

in the UK and Ireland of great economic value (Cosgrove et al., 2000; Young et al., 2001). 

However, in 1998, when severe declines in pearl mussel records had become apparent, a complete 

UK wide ban on pearl mussel fishing and selling of pearls came into force.  

 

2.2.3 Margaritifera margaritifera importance 

 

As the largest and most long-lived aquatic invertebrate species in Ireland the pearl mussel is a 

uniquely precious animal in the aquatic environment. The value of this species to society is clearly 

marked by the protection status afforded to it. Geist, (2005; 2010) highlights that as an iconic 

freshwater invertebrate M. margaritifera can simultaneously fill the role of indicator, flagship, 

umbrella and keystone species. It is a useful indicator species because of the mussels’ longevity 

and their high sensitivity towards a range of environmental stressors. They have high water quality 

requirements and depend on cool, oxygen-saturated running waters which are low in lime and 

nutrients (Geist & Auerswald, 2007). Hence the presence of a healthy pearl mussel population is a 

reliable time-integrated biological indicator of water quality. It is rare for humans to relate 

emotionally to an invertebrate species, yet the pearl mussel has become such a flagship species and 

its current plight has been used with considerable success to make the case for conservation actions 

in river restoration (Geist, 2005). A complex lifecycle (figure 2.6) and the associated requirements 

in all its stages make the pearl mussel dependent on the existence of a diverse array of high quality 

habitats within individual rivers. For example, juvenile pearl mussels inhabit the hyporheic zone as 

the ecotone where surface water and ground water meet; this stream bed zone must have high water 

quality for good recruitment (Geist & Auerswald, 2007). Pearl mussel glochidia rely on the 

existence of salmonid hosts, this incurs diversity requirements for multiple physical habitat features 

like streambed elevation, sediment grainsize and sorting, shelter through vegetative cover etc. Thus 

M. margaritifera is a suitable umbrella species, because any successful measures to protect pearl 

mussels inevitably also benefit a particularly wide range of other aquatic organisms. Margaritifera 

margaritifera can also be assigned the keystone species status, because pearl mussels play a critical 

role in maintaining important ecosystem functions of natural river systems. They filter 

phytoplankton, bacteria and particulate organic matter from the water and affect nutrient dynamics 

through the excretion and biodeposition of faeces and pseudofaeces and their burrowing behaviour 

which causes bioturbation of sediments, oxygenating the sediments and releasing nutrients into the 

water column (Vaughn & Hakenkamp, 2001). In addition their bivalve shells not only provide 

habitat for epiphytic and epizoic organisms, but can also stabilise surrounding sediment and provide 

refugia for other benthic fauna (Vaughn & Hakenkamp, 2001). 

 



22 
 

 
 

  

Figure 2.6. Life history cycle of a Unionidae bivalve such as M. margaritifera. Source: Mackie 

1991. 

 

2.2.4 Margaritifera margaritifera protection  

Understanding the value of freshwater mussels as filter feeders in river ecology and indicator 

species for good river quality and river management has led to the introduction of targeted 

conservation measures to protect the species. Yet, Margaritifera margaritifera is one of the most 

critically threatened freshwater bivalves worldwide (Geist, 2010) and is likely to remain so due to 

its long generation time. Margaritifera margaritifera is catagorised as ‘critically endangered’ in 

Ireland (Byrne et al., 2008), ‘critically endangered’ in Europe (Cuttelod et al., 2011;  Moorkens, 

2011) and ‘endangered’ at a world scale (Moorkens et al., 2018). Annexes 2 and 5 of the European 

Habitats and Species Directive and appendix 3 of the Bern Convention list it among the protected 

species and it is a UK priority species in the UK Biodiversity Action Plan by the Biodiversity 

Steering Group. This has led to the development and implementation of a national species Action 

Plan. Pearl mussels are also protected from being killed, injured or disturbed in the UK under 

schedule 5 of the Wildlife and Countryside Act (1981). In Northern Ireland the Cladagh 

(Swanlinbar) River, the Owenkillew River and the upper Ballinderry River are designated as 

Special Areas of Conservation (SACs), these are three of many river sites marked as SACs and 

A/SSSIs around the United Kingdom specifically because of the presence of M. margaritifera. 
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Northern Ireland has also released its own Species Action Plan for the Freshwater Pearl Mussel in 

2005. 

 

Not long ago the regional historic biogeographic range of this species included four major Lough 

Neagh tributaries. The rapid decline which has seen pearl mussel territory shrink to very few and 

small sub-catchments in one of them is a matter of serious concern for the environmental 

management of aquatic resources in the Neagh Bann catchment. 

 

 

2.3 Lough Neagh 

 

2.3.1 Lough Neagh natural environment 

 

Lough Neagh 

Total Lough Neagh Catchment covers some 5750 km2 stretching from the Republic of Ireland the 

full length of Northern Ireland to the North Coast. Lough Neagh within the Neagh Bann catchment 

drains approximatly 38 % of Northern Irelands landmass, Lough Neagh is the largest lake by surface 

area (383 km2) in the United Kingdom. Six main tributaries enter Lough Neagh: the Ballinderry, 

Blackwater, Moyola, Six Mile Water, Main and Upper Bann and two minor tributaries Glenavy and 

Crumlin. One tributary flows out of the lough the Lower River Bann (Wood & Smith, 1993). Low 

water depth (mean of 8.9 m and maximum depth of 34.0 m) combined with the high mean wind 

speed, ensures that Lough Neagh is a polymictic lake; its water column is often completely mixed 

(Bunting et al., 2007). Lough Neagh is hypereutrophic, loaded with excess nutrients that have 

entered the lake from both point (sewage) and diffuse (agricultural) sources in the surrounding 

catchment. 

 

This lough is a place of economic, ecological and historic importance in Northern Ireland (Wood 

& Smith, 1993). The catchment and its rivers, loughs and canals have supported many industries 

historically: linen, coal, diatomite, willow basket making and reed harvesting, currently still 

supporting fishing, agriculture, peat extraction, sand extraction, water extraction, tourism and 

recreation (Wood & Smith, 1993). Lough Neagh is home to several commercially important species 

of fish; Kennedy (1993) lists Salmo salar (Atlantic salmon), Anguilla anguilla (European eels), 

Salmo trutta (brown trout) and Coregonus autumnalis pollan (pollan) as the most important. Lough 

Neagh is home to many migratory bird species notably migrating wildfowl populations. Good 

management of Lough Neagh and the Lough Neagh Catchment is necessary to ensure that Lough 

Neagh remains a place of economic, ecological and historic importance in Northern Ireland.  
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2.3.2 Lough Neagh regulatory environment 

 

Lough Neagh protective measures 

Lough Neagh is home to a diverse range of priority species and habitats, and as a result is protected 

under a vast array of nature conservation designations. The Lough Neagh wetlands are recognised 

as a landscape of international importance. A Ramsar Site (under the Wetlands Convention) has 

been designated encompassing the wetland region around Lough Neagh, and its satellite lakes 

Lough Beg and Portmore Lough. The same three loughs are designated a Special Protected Area 

(under the Birds Directive). Three areas in the Lough Neagh area are designated Special Areas of 

Conservation sites (under the Habitats Directive). Seven areas in the Lough Neagh area have been 

made National Nature Reserves to conserve the local biodiversity for people to enjoy.    

 

For the health, quality and continuation of such an important landscape there are particular water 

quality requirements that must be met within the Lough Neagh Basin. Across Europe the Water 

Framework Directive (WFD 2000/60/EU, including amendments in 2008 & 2014) is in place to 

provide a management structure that requires the protection and improvement of water quality in 

all water environments. This includes the loughs, rivers and groundwater in the Lough Neagh Basin 

and the estuary and coastal waters that the basin drains into. The WFD was designed to prevent 

further deterioration of aquatic ecosystems, promote the sustainable use of water, and reduce the 

pollution of water. The Directive uses five classifications for water body status, each member state 

was to aim for good chemical and ecological status in inland and coastal waters by 2015. Each 

member state carries out six year River Basin Management Plans (RBMP) to meet key policy areas 

such as agriculture, land use, biodiversity, tourism, recreation and flood protection at a river basin 

level. 

Prior to the WFD, specific rivers in the UK were sampled chemically and biologically under the 

general quality assessment scheme (GQA) from the 1990s and prior to that rivers in Northern 

Ireland were sampled chemically since the 1970s. The WFD provides a much more thorough 

assessment of water environments and holistic classification systems.  

The WFD was transposed into UK law in 2003, in Northern Ireland this was done through the Water 

Environment Regulation (latest version 2017). The primary goal of these regulations was to outline 

the practicalities and responsibilities of monitoring, assessment and improvement of the condition 

of water bodies in Northern Ireland in order to meet the objectives of the WFD. 

 

Throughout the first cycle (2009-2015) of the Neagh Bann River Management Plan Lough Neagh 

surface waters have been classified as being of poor status (figure 2.7). The majority of the 

tributaries entering the lough received status categorisations of moderate or lower. The second cycle 

of the Neagh Bann River Management Plan has set objectives to achieve good status for the majority 
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of rivers in the Neagh Bann River Basin District and moderate status for Lough Neagh. Proposed 

objectives for the Ballinderry Local Management Area aim for twenty surface water bodies to reach 

good status and four moderate status by 2027. This is not good enough for pearl mussel survival!  

 

Figure 2.7. A 2015 status of surface water bodies in the Neagh Bann River Basin District. B 2027 

objectives for surface water bodies in the Neagh Bann River Basin District. Source: NIEA 2015.  

The Lough Neagh Management strategy was published in 2002 by the Lough Neagh Advisory 

Committee. The report covers the major topics; water quality, biodiversity, local society (life, work 

and influencing change), landscape, resources (agriculture, minerals & fish), recreation, navigation 

and overall strategic management. The strategy set objectives for each topic which included 

compliance with the WFD, conserving important habitats and species, and preventing further 

introduction and spread of invasive species in the Lough Neagh Wetlands. 

 

2.3.3 Lough Neagh management of invasive species (Dreissena polymorpha) 

 

European regulation on the prevention and management of the introduction and spread of invasive 

alien species (EU No 1143/2014) came into force in 2015. As part of this regulation the European 

Commission published a list of 37 invasive alien species (23 animals and 14 plants) of union 

concern. Dreissena polymorpha is not on the list. The WFD does not specifically mention invasive 

species but refers to anthropogenic impacts that may affect the status of water bodies. This includes 

the introduction of invasive species by anthropogenic activity. The United Kingdom’s Technical 

Advisory Group (UKTAG) provide advice on technical aspects of the WFD.  This includes how to 

assess the risk of water bodies failing to achieve the WFD's environmental objectives, non-native 

A B 
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species are one of the main factors that could cause this. Within UKTAG is an Alien Species Group 

(ASG) that uses scientific evidence to categorise invasive non-native species by adverse impact and 

risk to the water environment, assessed as of high, (moderate), low, or unknown impact, with advice 

guidance for implementation of the WFD in relation to each invasive species. This information is 

used to produce risk assessments for each water body to determine the likely impact that an invasive 

species will have on the ecological status of that water body in relation to known local data collected 

on that species. Dreissena polymorpha is listed as a high impact invasive species in rivers and lakes. 

UKTAG ASG recognise that once D. polymorpha has become established within a water body, 

control and irradiation is almost always impossible. The proposed management focuses on 

measures to be put in place that prevent further spread of the species.  For Northern Ireland a Zebra 

Mussel Management Strategy was developed for this purpose. Invasive Species Ireland, no longer 

active, was a joint project between the Northern Ireland Environment Agency and the National 

Parks and Wildlife Service. It created a (still active) website to report and record the presence and 

distribution of invasive species on the island of Ireland. In 2004 the Northern Ireland and Republic 

of Ireland ministries agreed a report that provided recommendations for managing invasive species. 

In 2006 the ‘Invasive Species Ireland Project’ started to implement the recommendations and 

developed invasive alien species strategies. The Invasive Alien Species Strategy for Northern 

Ireland set out to minimise the negative impacts and risks caused by invasive alien species in 

Northern Ireland. The strategy also aimed at increasing public awareness of invasive species. One 

public dissemination effort of it was the ‘Check, Clean, Dry’ campaign; information material was 

sent to over 400 organisations and outlets to help increase awareness of biosecurity measures that 

can be used in the aquatic environment to reduce the spread of aquatic alien invasive species such 

as D. polymorpha. A progress report on the Invasive Alien Species Strategy for Northern Ireland in 

2017 and 2018 listed surveillance programmes in place (DAERA 2017; 2018). Those that relate to 

D. polymorpha in Lough Neagh include recordings by the Northern Ireland Environment Agency 

of invasive species from field work and site integrity monitoring, ad hoc records of non-native 

species from the Water Assessment, Data and Evidence Group, and Resource Efficiency Division 

monitoring programmes are submitted to the National Biodiversity Data Centre.  

 

 

Current management of Dreissena 

The Zebra Mussel Management strategy for Northern Ireland (2004 to 2010) outlines the history of 

Zebra mussels in Ireland, introduces the potential impacts of their invasion, identifies the vectors 

for their spread and, outlines a system to prioritise lakes vulnerable to invasion or significant impact 

by this invasive species. Furthermore it considers in depth potential consequences of zebra mussel 

invasion of Lough Neagh and documents conservation measures, surveillance plans for zebra 

mussel spread, management recommendations, and strategy implementation. 
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The Zebra Mussel Management Strategy (ZMMS) for Northern Ireland highlights key changes that 

D. polymorpha may bring to Lough Neagh. Lough Neagh is recognised under the Birds Directive 

as a wetland of international importance especially for migrating winterfowl. The presence of D. 

polymorpha may be favourable for some winterfowl species which can exploit the mussel as a food 

source, In addition large scale filtration by mussels could change the water quality increasing the 

photic depth which in turn would encourage growth of aquatic vegetation fed on by winterfowl. 

However, D. polymorpha could also decrease chironomid abundance in the littoral zone, which 

would reduce the available feed for some winterfowl. 

 

Lough Neagh is home to a variety of fish most notably endemic Dollaghan trout, endangered 

endemic Pollen (Coregonus autumnalis pollan) and endangered European eel. Pollan are at risk 

from destruction of spawning grounds and egg predation by formation of zebra mussel reefs 

(Harrod et al, 2002). The introduction of zebra mussels are often associated with a decline in 

chlorophyll a concentrations, in many lakes like Lough Sheelin in Ireland this also resulted in a 

decline in zooplankton density as well as a decline in density of fish biomass and changes to 

recruitment patterns (Maguire et al., 2003). In other lakes like Lough Erne, a decline in 

phytoplankton led to changes in the feeding pattern of zooplankton towards increased reliance on 

allochthonous matter (Maguire & Grey, 2006). The changes to food web structure through zebra 

mussel filtration could affect the zooplankton feeding behaviour of most fish species in the lough; 

particularly Dollaghan trout and Pollan as well as changes to the breeding patterns of Pollan in 

Lough Neagh. The ZMMS highlighted that zebra mussel invasion of Lough Neagh could have 

impacts on the eel fishing industry, as eels feed on zebra mussels and as a consequence often have 

lacerations in their stomachs caused by the sharp shells. Zebra mussels also foul up fishing nets 

causing damage by resulting in lost catch and increasing the cost of repair. The Lough Neagh 

Fishery Management Plan (2015), highlighted the serious threat that D. polymorpha posed to the 

lough’s fishery. But it did not identify any measures to prevent further spread nor any measures to 

attempt the removal of the species. 

 

Economic costs are usually incurred as a consequence of zebra mussel invasion. The Sand 

extraction industry reliant on Lough Neagh could see increased costs regarding cleaning boats 

fouled with mussels and filtering sand to remove mussel shells. The presence of mussel shell in the 

sand may also reduce the sand quality and value. Lough Neagh is also an important source of water 

abstraction; approximately a third of Northern Ireland’s water for human needs comes from Lough 

Neagh and the three water treatment works on the Lough shore at Castor Bay, Dunore Point and 

Moyola, which process up to 382 megalitres day-1. Slow sand filtration is the main treatment 
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process. Implementing zebra mussel control strategies such as chemical treatment i.e. chlorination 

as well as routine defouling of intake pipes will increase running costs. 

 

2.3.4 Management of endangered species in the Lough Neagh catchment (Margaritifera 

margaritifera)  

 

The Upper Ballinderry River, one of the main tributaries of Lough Neagh, is a Special Area of 

Conservation (SACs), designated to safeguard particular species. The primary species in the upper 

Ballinderry River under Annex 2 for SAC site selection is the freshwater pearl mussel Margaritifera 

margaritifera. This SAC hosts one of the largest populations of pearl mussels in Northern Ireland. 

Margaritifera margaritifera are currently critically endangered in Europe, with a declining global 

population (Reid et al., 2013).  

The habitat of freshwater pearl mussels is fully protected under Annex 2 of the EC Habitats 

Directive (Council Directive 92/43/EEC). This means that it is unlawful to damage or destroy their 

breeding or resting places and it is unlawful to obstruct access to their resting or sheltering places.  

The species is of such importance that a European standard (CEN) for M. margaritifera has been 

produced by the European Committee for Standardization (British Standards Institution, 2017; 

Boon et al., 2019). The standard describes methods for monitoring pearl mussel populations and 

provides information on the fish host populations, physical habitat structure, flow regimes, and 

aspects of water quality known to be important for sustaining pearl mussels. Along with 

‘informative annexes’ which provide information to help in applying the standard. The freshwater 

pearl mussel has already been protected under Schedule 5 of the Wildlife and Countryside Act 

(1981), which made it unlawful to capture, kill, disturb or injure pearl mussels, and unlawful to 

possess or sell freshwater mussel pearls. Despite this protection in law intensive catchment 

management as discussed in section 2.2.2 still causes decline in freshwater pearl mussel populations 

today. The pearl mussel is a high-status species in a catchment where management objective is set 

for good status. 

 

A survey of M. margaritifera within three SAC designated sites in Northern Ireland by Reid et al., 

(2013), found populations consisting almost entirely of aged individuals. The lack of recent 

recruitment was put down to a break in the life cycle at the stage where glochidia metamorphose, 

excyst from hosts and settle into interstitial spaces within the substrate (Hastie & Cosgrove, 2001; 

Reid et al., 2013; Young et al., 2000). Suspended solid levels are higher than recommended 

maximum thresholds for all the M. margaritifera SAC designated river sites in Northern Ireland; 

juvenile mortality was attributed to the high deposition of silt (Reid et al,. 2013). The same study 

recorded brooding level identifying that decline was not a result of infertility. Both salmon and trout 

were found as hosts of Ballinderry mussels in the wild, trout had a higher percentage of fish 
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encysted with glochidia and higher density of glochidia per fish than salmon (Johnston & 

Moorkens, 2018; Paul Johnston Associates, 2012 & Reid et al., 2013). Knowledge gaps remained 

regarding host preference in captivity, and glochidial survival on Ballinderry Salmonids during 

metamorphosis, e.g. it is possible that high glochidial mortality occur before excysting from host 

fish.  

 

The rather complicated life cycle of the pearl mussel requires the glochidia (parasitic larval stage) 

of the mussel to attach to the gills of salmonid fish in Irish waters to complete metamorphosis (Ross, 

1992). The ‘protocol for ex-situ conservation and reintroduction of the freshwater pearl mussel 

Margaritifera margaritifera in Northern Ireland’ (2012), Action 19 highlights that “…there is no 

data by which to determine species preferences of M. margaritifera…” i.e. the glochidial host for 

M. margaritifera in Northern Ireland rivers is not known. Action 19 followed this with the 

suggestion “…The occurrence of suitable salmonid hosts should also be confirmed by 

electrofishing over at least two summers…”. The CEN standard states that “it is important to 

determine the species and density of host fish that a mussel population needs, and whether 

encystment is occurring” (British Standards Institution, 2017). 

 

Because salmonids are the key hosts for M. margaritifera in Northern Ireland, it is important to 

consider the regulations in place to protect salmonids. These include:  

The Northern Ireland Fisheries Act (1966) allows for annual regulations and byelaws that provide 

conservation, protection and development of salmon and inland fisheries in Northern Ireland. Under 

the Department of Culture, Arts and Leisure (DCAL) an Atlantic Salmon Management Strategy for 

Northern Ireland was developed to meet the objectives of the North Atlantic Salmon Conservation 

Organisation (NASCO). The objectives of the NASCO are to conserve, restore, enhance and 

rationally manage Atlantic salmon through international co-operation. Actions taken under the 

Fisheries Act included licenses for the sale of commercially caught salmon by Northern Irish 

fishermen, a ban on sale of rod caught salmon, the introduction of angling regulations, the 

development of further conservation and management targets for specific rivers based on scientific 

research, a study of the genetic salmon population in Northern Ireland, applied pressure on dam 

owners to provide fish passage for salmon, trout and eels, and the introduction of real time 

management strategies in some river catchments. Other regulations and byelaws have since been 

introduced managing European Eel stocks, Coarse and Pike fisheries.  

The Northern Ireland Fisheries Regulations (2014) provide the rules for recreational and 

commercial fishing activities for all fish in Northern Ireland. These regulations in addition to 

Salmon Drift Net Regulations (2014) and Salmon Netting Regulations (2014), implement 

mandatory angling catch and release for salmon and sea trout and the commercial netting of salmon 

and sea trout. 
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The Fisheries Bill (2016) was created to manage and protect Northern Ireland inland and marine 

fisheries. DCAL proposed to use the Bill to ensure inland fisheries were appropriately enforced, 

fully aligned with new legislation particularly with EU legislation such as the Water Framework 

Directive (2000/60/EC) and Habitats Directive. The Atlantic salmon (Salmo salar) is listed in 

Annex 2 of the Habitats Directive as a species of community interest, which can lead to the 

designation of special areas of conservation.  

The Lough Neagh fisheries Plan (2015), outlines the strategic approach to be taken by the Inshore 

Fisheries Group on behalf of DCAL. The plan seeks to sustainably manage the fisheries resources 

whilst maximising value to the economy and the environment. The plan highlights the scientific 

information required to fully inform this process and lists many of the key issues raised by 

stakeholders. 

 

Pearl mussels historically have been on a number of Lough Neagh tributaries, the only remaining 

population associated with Lough Neagh is found in the Ballinderry River, one of the main 

tributaries of Lough Neagh. Without identifying the main glochidial host species for the populations 

of Pearl mussel in the Ballinderry River the effectiveness of fish conservation’s impact on mussel 

conservation measures cannot yet be accounted for. 

 

 

2.3.5 Lough Neagh management of water quality health 

Antibiotics in aqueous environments have been found in influents and effluent of wastewater 

treatment plants, river water, ground water and drinking water in concentrations ranging from ng 

L-1 to µg L-1 and as such present a health concern regarding the development and spread of 

antibiotics in the natural environment (Carvalho & Santos, 2016). 

The UK government created a 5 year Antimicrobial Resistance strategy to run from 2013 to 2018. 

The strategy was implemented by the Department of Health, Department for Environment, Food 

and Rural Affairs (Defra), Public Health England (PHE) and the National Health Service (NHS 

England). The key goal of the strategy was to slow the development and spread of antimicrobial 

resistance (AMR), particularly in association with antibiotics. The strategy has three aims; 1 to 

improve the knowledge and understanding of AMR, 2 conserve and steward the effectiveness of 

existing treatments, 3 stimulate the development of new antibiotics, diagnostics and novel therapies. 

This strategy is implemented through several actions. Those actions are then further broken down 

and overseen by groups such as the Defra Antimicrobial Resistance Coordination (DARC) or by 

devolved governments to meet targets at a local/national level.  
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In 2014 the UK government commissioned, ‘The Review On Antimicrobial Resistance: Tackling a 

crisis for the health and wealth of nations’, chaired by the economist Lord O’Neill. The review 

highlighted the scale of AMR as a public health concern, predicting that the number of estimated 

700,000 deaths annually attributed to AMR on a global basis could rise to 10 million. The 2014 

report made little mention of AMR in the environment, but did stress “the need for coherent 

international action that spans drugs regulation, and drugs use across humans, animals and the 

environment”. 

In Northern Ireland DARD have created an AMR Action Plan (2014) in response to the UK 5 year 

plan consisting of 10 actions.  These involved improvement of infection prevention and control 

practices in animal health, improving professional education, training and public engagement for 

best clinical practice and sustainable antibiotic use, developing new diagnostics (and treatments), 

and better access to and use of surveillance data in the animal sector. 

In 2016 O’Neill chaired a second report for the review on antimicrobial resistance, ‘Tackling Drug-

Resistant Infections Globally: Final Report And Recommendations’. Intervention 3 of the report 

focused on reducing unnecessary use of antimicrobials in agriculture and their dissemination into 

the environment. The 2016 report suggested three channels for antibiotics to reach the environment: 

animal waste, human waste and manufacturing waste. In aquatic environments antibiotics 

contaminate water sources encouraging the development of antibiotic resistance among pathogens. 

Figure 2.8 is a good illustration of the inputs of antibiotics and Antimicrobial resistance genes 

(ARGs) into the natural environment and the possible paths of exposure to human health. 

 

Figure 2.8. This figure from Yang et al., 2018 illustrates the transport of antibiotics and ARGs in 

different media and their possible exposure ways to human health. Inputs of chemical pollutants 
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and ARGs from human based (A) and agricultural based (B) sources and AMR outputs via drinking 

water (C) recreation (D) and ingestion of aquatic animals (E). 

Animal waste 

There are two key areas in agriculture where antibiotics enter the natural environment. The majority 

of antibiotics consumed by animals are excreted un-metabolised into the natural environment 

(Marshall & Levy, 2011). Secondly manure/slurry from animals that have been treated with 

antibiotics are used to fertilise fields (Sengeløv et al., 2003). Within the Neagh Bann Catchment 

land use is predominantly grassland, with high potential for introduction of antibiotics into the 

natural environment from agricultural farming which is mainly focused on dairy, beef, sheep and 

pig production. 

Human waste 

As with animals, the majority of antibiotics consumed by humans are excreted un-metabolised, 

these antibiotics enter the sewage system (Kümmerer et al., 2000). According to Rizzo et al. (2013) 

urban waste water treatment plants (UWTPs) are an important source of antibiotics discharge into 

the natural environment. The occurrence of antibiotics in the presence of vast reservoirs of bacteria 

and other microbes promote the selection of antibiotic resistance genes and antibiotic resistant 

bacteria, and enable a high probability of gene transfer (Rizzo et al. 2013; von Wintersdorff et al., 

2016). Rizzo et al. (2013), identified the need to understand the factors and mechanisms that drive 

antibiotic resistance maintenance and selection in wastewater habitats. They also recommended a 

need for improved systems to estimate maximal abundance of antibiotic resistant bacteria in 

UWTPs that could pose a health hazard. 

The potential for antimicrobial resistance to spread in WWTP has been recognised and attempts 

have been made to reduce the quantity of bacteria. Membrane filtration, UV treatment followed by 

chlorination ensure that only a fraction of bacteria survive (Gatica & Cytryn, 2013; Purnell et al., 

2015). Whilst the concentration of antibiotics in waste water can often be significantly reduced, 

complete removal remains difficult to achieve (Watkinson et al., 2007). Two wastewater treatment 

plants in Brisbane Australia were assessed for concentrations of human and veterinary antibiotics 

pre and post treatment (Watkinson et al., 2007). One used conventional (activated sludge) and the 

other used advanced microfiltration/reverse osmosis to treat waste water. Both saw a 92% removal 

rate of antibiotics during the liquid phase, however antibiotics were still present in quantities of ng 

L-1. The different wastewater treatments favoured the removal of different types of antibiotic; 

further research is needed to understand the effectiveness of wastewater treatment on the removal 

of various types of antibiotic (Watkinson et al., 2007). 
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The Urban Waste Water Treatment Directive (UWWTD) (91/271/EEC) was designed to reduce the 

pollution of aquatic waters by urban waste water i.e. from domestic sewage and industrial 

wastewater. This directive was transposed in Northern Ireland to Urban Waste Water Treatment 

Regulations in 2007. The directive sets minimum standards for sewage systems based on the 

population size they serve and the sensitivity of waters that they discharge into. The minimum 

standards are also outlined for collection, treatment and the discharge of urban waste water. As part 

of the directive surface water bodies are reviewed and labelled sensitive; if found to be eutrophic 

or likely to become eutrophic without preventative measures put in place, if containing 50 mg of 

nitrate per litre (assuming preventative action is not taken) at a site of water abstraction for drinking, 

and in areas where further treatment than secondary or equivalent treatment is necessary to meet 

other EC Directives (i.e. bathing or shellfish water directives). Lough Neagh, Lough Erne and their 

catchment were areas identified in 1994 as sensitive under the UWWTD. The tributaries that flow 

into Lough Neagh (fig. 2.9 & 2.10) support eleven Waste Water Treatment Works (WWTWs) that 

serve a population equivalent greater than 10,000, and twelve WWTWs that serve a population 

equivalent between 2000 and 10,000 (UWWTD, 2015). Together these WWTWs support a 

population equivalent greater than 1,529,049 (UWWTD, 2015). The quantity of antibiotics that 

enter the natural environment through these WWTWs is unknown. In rural areas such as those 

around Lough Neagh septic tanks are also sources of AMB and AMG that need careful 

consideration.  

 

Manufacturing waste 

Not all manufacturers treat waste products adequately. Notably lakes but potentially any 

environment polluted with inadequately treated waste from antibiotic manufacturing could be 

important reservoirs for mobile antibiotic resistance genes (Bengtsson-Palme et al., 2014).  
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Figure 2.9. Map showing WWTWs in Lough Neagh North and Lower Bann. Source UWWTD, 

2015. 

 

Figure 2.10. Map showing WWTWs in Lough Neagh South catchments. UWWTD, 2015. 
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Whilst controlling the spread of AMR through minimising the introduction of ARB and ARG to 

the natural environment is important, careful consideration to the fate of AMB and ARG once in 

the natural environment is also needed. 

Filter feeders exist in nearly all aquatic environments. Berendonk et al., (2015) pointed to filter 

feeders as having potential to facilitate an increase in transfer efficiency of resistance genes within 

the natural environment. Transfer efficiency of resistance genes in the presence of aquatic filter 

feeders such as sponges and daphniids has been studied (Cartwright, 2018; Olanrewaju et al., 2019). 

Bivalves such as Dreissenid species are highly efficient filter feeders (Silverman et al., 1996), these 

qualities make mussels such as D. polymorpha, present in the Neagh Bann Catchment with potential 

exposure to ARB, an ideal animal for filter feeding microbial studies. 

 

 

 

2.4 Importance of bivalves in aquatic ecosystems 

 

This literature review brings to the forefront the importance of bivalves in the aquatic environment. 

All bivalves affect the nutrient dynamics of aquatic systems through filter feeding activities, 

removal of particles from suspension, deposited via excretion and deposition of faeces and 

pseudofaeces to the benthos, resuspension through burrowing behaviour, increased substrate 

complexity providing habitat for epiphytic and epizoic organisms, and stabilisation of ambient 

sediment (Vaughn & Hakenkamp, 2001). Whilst native bivalve species like M. margaritifera 

simultaneously fill multiple ecologically and sociologically important roles such as indicator, 

flagship, umbrella and keystone species, invasive bivalves, such as D. polymorpha, often bring 

about significant biotic and abiotic changes to the water bodies which they colonise. 

Considering the combined factors of bivalve life spans, potentially high abundances, filtration and 

clearance rates; bivalve populations can make significant large scale changes to water quality. For 

example in suitable water quality conditions M. margaritifera live long lives (particularly for an 

invertebrate species).  Bauer (1992) suggested maximum pearl mussel age to be 132 years in age, 

pearl mussels regularly reach approximately 100 years of age in Ireland, but the maximum age of 

pearl mussels has been shown to vary considerably, from a low of 35 years in Spain to over 200 

years in artic areas (Miguel et al., 2004; Ziuganov et al., 2000). Although D. polymorpha only up 

to 9 years, usually not more than 5 years in British waters (Mackie et al., 1989), their high fecundity, 

rapid growth and maturity rates enabling swift population expansion (Wright et al., 1996; Minchin 
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et al., 2002). Highest recorded abundances of D. polymorpha 114,000 per m-2 were found in 

Szczecin Lagoons, connected to the Baltic Sea (Wiktor, 1969). Highest recorded abundances of M. 

margaritifera have been found in small streams in north-west Russia, abundances reached 1000+ 

individuals per m-2 (Ostrovsky & Popov, 2011). A significant loss or gain of bivalve mussel 

abundance in a water body is of management concern regarding the ecosystem changes that can be 

brough about by large abundances of mussels. 

Bivalves filter large quantities of water clearing a wide range of fine particles, including 

phytoplankton, bacteria, particulate organic matter, inorganic particles, and planktonic larvae from 

the water (Vaughn & Hakenkamp, 2001). The clearance rates of a variety of single-particle type 

suspensions by M. margaritifera and D. polymorpha were compared by Baker and Levinton (2003). 

Margaritifera margaritifera at standard animal dry tissue weight of 2 g, cleared Microcystis at an 

arithmetic mean rate of 4000 mL h-1, D. polymorpha at a standard animal dry tissue weight of 15 

mg, cleared Microcystis at an arithmetic mean rate of 125 mL h-1 (Baker & Levinton, 2003). 

Coupled with the knowledge that a unionid mussel such as M. margaritifera can filter up to 40 L 

of water day-1 (Al Mamun & Khan., 2011) and a dreissenid mussel like D. polymorpha can filter up 

to 5.4 L of water day-1 (Diggins, 2001), demonstrates the ability of bivalves to influence local water 

quality. The role of bivalve mussels in the transfer of antimicrobial resistance with in the natural 

aquatic environment in not understood. Therefore the scale of filtration and clearance rate, 

particularly of bacteria communities, by large abundances of mussels is of interest with regard to 

improving water quality.  

The following chapters investigate bivalve viability, invasion, persistence in the Neagh Bann 

Catchment and their role in the spread of antimicrobial resistance. 
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Chapter 3 Dreissena polymorpha in Lough Neagh 

 

Abstract 

 

Dreissena polymorpha is a successful invasive species globally and on the island of Ireland. Its first 

record from Lough Neagh in 2005 immediately raised concerns that this invasive mussel could have 

large impacts on the ecosystem of the largest lake in the British Isles. This lake supplies a third of 

Northern Ireland’s drinking water, hosts a commercial fishery, and is home to many migratory bird 

and fish species which could be impacted by the colonisation of D. polymorpha. 

This research set out to survey current D. Polymorpha presence in Lough Neagh and the Lower 

River Bann through which the lake drains towards the sea. The survey involved plankton netting 

for veliger larvae, mussel spat collection using settlement plates, snorkelling and shoreline 

observations for adult mussels. Mussel larvae were found at seven of the thirteen sample sites 

around Lough Neagh. Presence of adult mussel was recorded at fourteen of twenty-two survey sites 

across Lough Neagh, Lower River Bann, Ballinrees Reservoir and Lough Erne. 

Contrary to initial concerns, average abundance of D. polymorpha larvae, spat and observed adult 

mussels in Lough Neagh have remained very low. This is unusual considering D. polymorpha have 

now been present in the lough for more than 12 years. Despite the low abundance of mussels in 

Lough Neagh, the mussels appear to have extended their geographic range within this catchment 

and have now been observed far beyond Lough Neagh downstream in the Lower River Bann and 

Ballinrees Reservoir. The largest population of D. polymorpha within Lough Neagh is within 

Kinnego Marina where the percentage change of larval numbers increased by 4916 % from 2015 

to 2017.  

The presence of the commensal mantle cavity ciliate Conchophthirus acuminatus in D. polymorpha 

strongly suggests that the mussels arrived in Lough Neagh as adults and spread from there e.g. to 

the Ballinrees reservoir as larvae. DNA analysis provided further evidence for this hypothesis of a 

spread from a single introduction, in that there was very little difference between D. polymorpha 

DNA sequences at the four sites Lough Erne, Lough Neagh, the Lower Bann and Ballinrees 

Reservoir.  

The low abundance of mussels in Lough Neagh can be explained by factors affecting this lake. 85% 

of the lough bed surface material is mostly unstable and easily resuspended, and is thus unsuitable 

for D. polymorpha settlement. Exposure of the large lake surface to wind fetch causes frequent 

resuspension episodes of the lake surface sediments, each followed by subsequent sedimentation of 

fine particles.   Further environmental stress for benthic organisms is exerted by periods of stable 

high pressure and high summer temperatures during which anoxic regions can develop on the lake 
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bed particularly over muddy substrate, which would lead to the death of any mussels established 

there. The lake’s high phosphate levels result in eutrophic conditions and favour the growth of 

phytoplankton organisms with a low content of suitable lipids and fatty acids required by D. 

polymorpha. Further biological factors which might inhibit population growth of D. polymorpha in 

Lough Neagh are parasitism, calcium deficiency though competition with daphniids, cannibalism 

and predation by copepods, which however all require further investigation.  
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3.1 Introduction 

 

3.1.1 Importance of Lough Neagh and the potential impact of a zebra mussel invasion 

 

Lough Neagh is a place of economic, ecological and historic importance in Northern Ireland (Wood 

& Smith, 1993). Lough Neagh is home to several important species of fish, the lough is fished 

commercially for eels, trout and coarse fish such as pollan, perch, roach and bream (DAERA, 2015). 

The Lough Neagh Eel fishery is worth about £3.2m to the Northern Ireland economy, eel fishing 

permits are issued annually to 112 fishermen (DAERA, 2015). The largest European fishery of 

critically endangered Anguilla anguilla (European eels) are at risk from internal lacerations and 

poor quality diet when feeding on D. polymorpha (De Nie, 1982; Kennedy, 1993). If D. polymorpha 

sucessfully colonised hard substrates in the open lough, the largest population of endemic (to 

Ireland) Coregonus autumnalis pollan (pollan) would be at risk from destruction of spawning 

grounds and egg predation (Harrod et al, 2002; Ellen Marsden & Chotkowski, 2001). Salmo trutta 

(trout), of the Dollaghan variety are potadromous, endemic to the Neagh-Bann catchment, they 

migrate into Lough Neagh from upstream tributaries, the Dollaghan trout depends on the lough for 

survival (Crozier & Fergurson, 1985). The survival of Dollaghan trout is essential as preferred host 

for the glochidia of endangered Margaritifera margaritifera (pearl mussels) in the Ballinderry 

River, a major tributary of Lough Neagh (chapter 4). High dreissenid abundance in a polymictic 

water column can have significant effects on fish laval survival and growth (Bartsch, Richardson, 

and Sandheinrich, 2003). Dreissenids siphon clay, silt, bacteria, phytoplankton and small 

zooplankton from the water column, in shallow waterbodies as mussels purge the water column 

from particles, light penetration increases and shifts production and biomass from pelagic to benthic 

foodwebs (MacIsaac, 1996; Mayer et al, 2002, Gergs et al., 2009). Dreissena polymorpha filtration 

activity often changes the algal composition resulting in food shortages for native filter feeding 

species that predated zebra mussel invasion; for example, at multiple Lake Erie  sites a D. 

polymorpha invasion coincided with falling phosphorus concentrations; simultaneously there was 

a  > 90 % drop of total phytoplankton abundance across all algal classes (Nicholls & Hopkins, 

1993). While the consequences of this invasion are not yet fully understood concerns remain that 

the invasion by D. polymorpha in Lough Neagh will change the biotic and abiotic elements of the 

lough’s ecosystem. 

 

3.1.2 Dreissena polymorpha, the invader 

 

As a species D. polymorpha is characterised by high fecundity, rapid growth and maturity rates 

enabling swift population expansion (Wright et al., 1996; Minchin et al., 2002). The mussels have 

a long larval development time allowing D. polymorpha to be transported vast distances (Minchin 
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et al., 2002). Lough Neagh is a shallow, polymictic, hypertrophic lake. The low lake depth (mean 

of 8.9 m and maximum depth of 34.0 m) combined with the regular high wind speeds across the 

lake surface, ensure that the water column is completely mixed (Bunting et al., 2007). Consequently 

it was expected that the invasion of Lough Neagh by D. polymorpha would show similar rapid 

population growth like Lake Simcoe, Canada (Maguire & Sykes, 2004), where abundance of veliger 

larvae increased from 12 veliger larvae per m3 in the first year of its invasion to 52,480 veligers per 

m3 within five years from invasion (Evans et al, 2011). However, in previous studies Lough Neagh 

surveys until 2010, five or more years after introduction, already indicated that dreissenid 

population expansion in Lough Neagh was unlikely to become quite as rapid as originally expected 

(McLean, 2012). While many lakes with dreissenid populations display constant mussel 

abundances from year to year other waterbodies show considerable variation in mussel abundance 

(Stanczykowska et al., 1975). The apparently variable but low abundance of D. polymorpha in 

Lough Neagh is unusual and demands an explanation; identification and thorough investigation of 

the inhibiting factors for mussel population growth in Lough Neagh could provide useful 

information for ecosystem management in other lakes, which aims at controlling the population 

growth of D. polymorpha.  

 

Dreissena sp. mussels settle out of the water column colonising preferably hard substrate but also 

soft sediments such as mud, sand, clay and submerged vegetation (Millane et al., 2008; Dermott & 

Munawar, 1993). Biofouling of anthropogenic structures such as water treatment intake pipes or 

boat hulls, is a matter of economic concern due to increased maintenance costs (MacIsaac, 1996; 

Minchin et al., 2002). Water treatment works are licenced to abstract up to a daily combined total 

of 392 mega litres of water from three locations around Lough Neagh; these three abstraction sites 

Castor Bay, Dunore and Moyola are a major source of clean drinking water, approximately 45% of 

Northern Ireland’s drinking water production (Northern Ireland Water, 2012).  

Unionid molluscs live buried in freshwater sediments with their posterior shell valve exposed above 

the substrata: this hard surface is also suitable for colonisation by D. polymorpha. Such dreissenid 

infestations can reach several hundred mussels per unionid bivalve (Ricciardi et al., 1998). 

Competition for food and inhibited locomotion by dreissenid biofouling leads to depleted energy 

reserves and eventually mortality in unionid mussel species (Haag et al., 1993). In North American 

lakes and rivers this phenomenon has reached a scale which has accelerated freshwater mussel 

extinction 10-fold (Ricciardi et al., 1998). Native mussels within Lough Neagh, specifically 

Anodonta cygnea and Anodona anatina are therefore most likely to be at risk from D. polymorpha 

infestation. They may also act as colonisation sites in soft sediments found across the lough basin. 

Margaritifera margaritifera present in the mouth of the Ballinderry River is another already highly 

endangered species at risk from such biofouling. 
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D. polymorpha can ‘‘directly or indirectly control the availability of resources to other organisms 

by causing physical state changes in biotic or abiotic materials’’ (Karatayev, Burlakova & Padilla, 

2014); therefore, it is important to understand the spatial extent and abundance of D. polymorpha 

populations within Lough Neagh. Dreissena polymorpha filtration of large portions of seston and 

chlorophyll, change the energy flow and nutrient dynamics in the water column, mussels can act as 

a nutrient sink reducing lake trophic status and can regenerate nutrients back into soluble forms 

useful for other zooplankton and phytoplankton species (James, Barko & Eakin, 1997; 

Stańczykowska & Lewandowski, 1993). 

 

3.1.3 Dreissena polymorpha in Ireland 

 

In Ireland, D. polymorpha was first observed and identified in 1997 in the lower Shannon River 

(Mc Carthy & Fitzgerald, 1997). Dreissena polymorpha arrived in Ireland attached to second hand 

vessels imported from UK and continental Europe after the abolishment of Value Added Tax (VAT) 

in 1993 incentivised the trading of second hand boats (Minchin & Moriarty, 1998; Pollux et al, 

2003). Once established in the Shannon system this invasive species was able to colonise the Erne 

system through linking canals and thus by 1996, D. polymorpha had become established in both 

systems (Rosell, Maguire & McCarthy, 1998). The mussel was first discovered in Lough Neagh in 

2005 but was thought to have arrived in the lough as early 2003 (McLean et al, 2010). Considering 

that the Shannon and Erne systems are not connected to the Neagh Bann catchment, it remains 

unclear how exactly the mussel arrived in Lough Neagh; presumably it involved overland transport 

of vessels between lakes. The introduction of D. polymorpha to Ireland was accompanied by the 

introduction of their host-specific commensal ciliates Conchophthirus acuminatus and 

Ophryoglena hemophaga (Burlakova et al., 2006). Dreissenid veliger larvae do not host ciliates, 

the presence of C. acuminatus is particularly interesting if found in a Dressenid mussel in a lake in 

Ireland because the cilite is host specific, therefore does not naturally occur in Ireland as D. 

polymorpha is an invasive species to Ireland (Burlakova et al., 2006). These ciliates require adult 

D. polymorpha hosts; their previous absence from Ireland and from water bodies without previous 

records of D. polymorpha thus suggest that if they are found, the invasion must have involved the 

movement of adult D. polymorpha from source populations to the newly colonised water body 

(Burlakova et al., 2006). It appears that no previous attempt has been made to identify if 

Conchophthirus acuminatus or Ophryoglena hemophaga are present in Lough Neagh D. 

polymorpha. 
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3.1.4 Dreissena polymorpha in Lough Neagh – results from previous surveys 

 

Since the first record of D. polymorpha from Lough Neagh, the expansion of its range has been 

monitored. In 2005 five adult D. polymorpha were found on a boat hull moored in Kinnego Marina, 

Lough Neagh, and forty four settled juveniles were found attached to debris at twenty sites around 

the lough shore (McLean et al., 2010). In 2006 extensive littoral surveys of the northern and 

southern shores failed to find any mussel presence (McLean et al., 2010). At Toomebridge the only 

outlet of Lough Neagh, abundance of veliger larvae was estimated as 0.0211 per m³ (McLean et al., 

2010).  

Although a 2006 survey failed to find any zebra mussels in Lough Neagh, further studies in 2007, 

2008, 2010 and 2013 have confirmed the presence of D. polymorpha at several sites (fig. 3.7). In 

2007 twenty four adult mussels were found on the hull of a boat moored in Kinnego Marina Lough 

Neagh, on settlement plates, spat was recovered at an abundance of 523.76 per m²; no adults were 

found on the substratum (McLean et al., 2010).  

Between 2008 and 2010 mean veliger abundance in Lough Neagh from five plankton netting sites 

was  12.91 per m³ in 2008, 149.71 per m³  in 2009 and 31.98 per m³ in 2010. The majority of the 

larvae counted by McLean were found in Kinnego Bay. Veligers were observed from June to 

September in 2008 and 2010 and from July to September in 2009 (McLean, 2012). On settlement 

plates spat occurred at an abundance of 0.01 per m². Dredging in hard margin substrates found 18 

adult mussels in Kinnego Bay and evidence of mussels in Bartin’s Bay (McLean, 2012). 

In 2013 Agri-Food and Biosciences Institute (AFBI) were commissioned by Northern Ireland 

Environment Agency (NIEA) to dredge hard margin substrates at 50 sites across Lough Neagh. The 

survey found densities of 1 to 10 D. polymorpha mussels at nine dredge sites. Zebra mussel presence 

was recorded only on the east coast of Lough Neagh between Kinnego Bay and Dunore Point. 

Although small numbers of adult D. polymorpha were identified beyond Kinnego Bay, imminent 

rapid population expansion throughout the lough appeared to be a realistic possibility (Rosell et al, 

2013). 

Since the dredge survey in 2013 to the best of our knowledge no further surveys have been 

conducted in Lough Neagh to map the distribution of D. polymorpha (fig. 3.7). 

The aim of this study was to map and study the current distribution of D. polymorpha in Lough 

Neagh and parts of the wider Neagh Bann Catchment, using shore based sampling.  
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Objectives of chapter 3 

3.1.  To survey the near shore presence and current abundance of D. polymorpha larvae and 

pelagic zooplankton in Lough Neagh from the collection of shoreline samples.  

3.2.  To monitor the littoral and sublittoral presence and abundance of juvenile zebra mussels on 

shores of Lough Neagh and on banks of the Lower Bann using mussel spat panels. 

3.3.  To analyse the genetic structure of D. polymorpha from several sites and to examine the 

mussel parasites, in order to infer the possible dispersal history of the zebra mussel invasion in the 

Neagh Bann catchment. 

3.4. To investigate potential causes for the slow invasion of D. polymorpha with a particular 

focus on substrate availability and the role of wind action on potential resuspension of lake bottom 

substrates by wind action in Lough Neagh. 
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3.2 Methods 

 

3.2.1 Larval Sampling 

 

Larval surveys employed shoreline plankton collection to assess the geographic distribution of D. 

polymorpha veligers around the lough. Thirteen shore sites from Lough Neagh were selected (table 

3.1). Four of the Lough Neagh sites had also been sampled in the 2008 to 2010 surveys for D. 

polymorpha (McLean, 2012). Site selection was constrained by accessibility, preference was given 

to sites with public access to the lough. The private sites used were Northstone materials (a sand 

extraction company) near Dunore and a fisherman’s quay in Rams bay.  

 

Table 3.1. Lough Neagh sampling sites for the survey of larval D. polymorpha presence from May 

2015 until September 2017. Y=Yes or N=No for inclusion in the survey during individual sampling 

years (for map see appendix 1/fig.3.1). 

 

 

Site number Site name Co-ordinates 2015 2016 

 

2017 

1 Kinnego Marina 

54°29'22.344''N, 

6°21'52.361''W Y Y 

 

Y 

2 Kinnego Point 

54°29'52.44''N, 

6°22'49.152''W Y Y 

 

Y 

3 Bayshore (Ardmore Rd.) 

54°30'27.36''N, 

6°26'57.911''W Y Y 

 

N 

4 Maghery (Country Park) 

54°30'47.952''N, 

6°34'11.568''W Y Y 

 

N 

5 Brocagh 

54°33'37.116''N, 

6°35'42.108''W Y Y 

 

Y 

6 

Kinturk Point (Curran 

Quay) 

54°39'4.536''N, 

6°30'27.864''W Y Y 

 

Y 

7 Ballyronan Marina Point 

54°42'41.292''N, 

6°31'35.867''W Y Y 

 

N 

8 Toomebridge 

54°45'22.176''N, 

6°27'51.983''W Y Y 

 

Y 

9 Cranfield Rd. 

54°42'13.752''N, 

6°21'43.452''W Y  Y 

 

Y 

10 Antrim Shore Park 

54°42'59.004''N, 

6°14'22.632''W Y Y 

 

Y 

11 

Lough View Rd. (Sand) 

Northstone materials 

54°40'1.133''N, 

6°16'44.488''W Y Y 

 

N 

12 Fishermans Quay 

54°35'23.419''N, 

6°15'54.779''W Y Y 

 

Y 

13 Bartins Bay  

54°31'45.818''N, 

6°20'27.579''W 

 

Y Y 

 

N 
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Netting for free swimming planktonic veliger larvae took place from May 2015 until September 

2017 at the above sites every two to four weeks from April to September and every four to six 

weeks from October to March. Due to time constraints the 2017 survey only included sites with 

previous larval records (eight of thirteen sites). Water temperature (°C), electric conductivity 

(µS/cm) and dissolved oxygen saturation (%) at 1m depth were measured on site with a YSI 556 

multiparameter probe. Three water samples were collected with a 1.5 HP Honda four stroke WX10 

Water Pump, with a 2 m clear plastic inlet hose and 1 m plastic outlet hose. Lake water was pumped 

for 5 minutes (~300L) through a plankton net (63 µm mesh); the sample was first flushed to the cap 

and subsequently collected in a 300 ml jar, transferred into 70 % industrial methylated spirit and 

stored at room temperature in 100 ml clear plastic sample pots with plastic click shut lids. The 

samples were stored at room temperature until enumeration of veliger larvae.  

Identification and enumeration of veliger larvae were carried out under an Olympus BH-2 

compound microscope, which had been modified by placing plastic polarisation sheets in the light 

path above and below samples to enable observations under cross-polarised light. 
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Figure 3.1. Maps of Lough Neagh and Northern Ireland showing the 13 larval sampling locations 

and 22 settlement panel, snorkelling and shoreline observation sites. 

Site 

No. 

Location 

1 Kinnego Marina 

2 Kinnego Point 

(Discovery 

Centre) Sheltered 

3 Bayshore  

4 Maghery 

Country Park 

5 Brocagh 

6 Kinturk Point 

(Curran Quay) 

7 Ballyronan 

Marina Point 

8 Toomebridge 

9 Cranfield Rd. 

10 Antrim Shore 

Park  

 

11 Lough View Rd. 

(Sand) 

Northstone 

Materials 

12 Fisherman’s 

Quay 

13 Bartins Bay  

14 Toome Canal 

15 Newferry Rd. 

16 Portglenone 

17 Portneal Lodge 

18 Drumaheglis 

Marina 

19 Ballinrees 

Reservoir 

20 Outer Kinnego 

Marina 

21 Kinnego Point 

Exposed 

22 Manor House 

Lough Erne 
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Most zooplankton samples collected during the larval sampling contained daphniids, copepods and 

ostracods. Care had to be taken when searching for D. polymorpha larvae under cross polarised 

light, as ostracods and lipid particles within copepods were of similar appearance (fig. 3.2). Both 

were characterised by a white circular shape with a black cross dividing the circle. Ostracods were 

distinguished as being of a more oval shape and having a black cross with slight slopes or curves 

(fig. 3.2 b). The D. polymorpha larvae and lipid particles within copepods both had a Maltese 

shaped cross (fig. 3.2 a, c and d). For differentiation between lipid particles and mussel larvae the 

overall shape of the white section had to be considered. Lipid particles are equally spherical in 

shape on all sides, the Maltese cross in mussel larvae is slightly lopsided resulting in a slight D-

shape. 

 

 

 

 

Figure 3.2. All samples viewed under cross polarised light. a. Dreissena polymorpha larvae, 

spherical shaped/D-shape with Maltese cross. b. Ostracod, characterised by an overall oval shape 

with curved cross. c. lipid substances within oil droplets within copepods. d. close up image of lipid 

substance within oil droplet with spherical shapes that are equal on all sides with Maltese cross. All 

scale bars represent 200µm. 

Total number of veliger larvae from the whole sample were counted in gridded petri dishes and 

measured to the nearest micrometre. In addition, three 5 mL sub samples from the 100 mL sample 

were examined in a Bogorov tray to count zooplankton. For each zooplankton species the arithmetic 

abundance mean was calculated from the three sub samples. 

a b 

c d 
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Annual arithmetic means of larval abundance for Lough Neagh were calculated for the survey 

period from 2015 to 2017 and compared to mean values from McLean et al, (2010) and McLean 

(2012) to document annual change in larval abundance of D. polymorpha since the first Lough 

Neagh record for this species in 2005. This latest survey had thirteen sites compared with the five 

sites used in previous studies. The additional 8 new sites were added to increase the spatial coverage 

in the search for D. polymorpha larvae in Lough Neagh. Sites were chosen based on spatial coverage 

and permission/access to the shoreline for sample collection.  

Due to time constraints sampling in five of the thirteen sites ceased in 2017, these sites were Bartins 

Bay, Lough View Rd., Ballyronan Marina, Maghery and Bayshore. With the exception of Bayshore 

larvae were not found at any of these sites, to focus the study on the collection of larval abundance 

information in Lough Neagh sampling ceased at these sites. Sampling ceased at Bayshore because 

the shallow sandy bay often caused the water pump to block, maintenance of the pump at this site 

was particularly time costly. 

 

3.2.2 Settlement panel, Snorkelling and Shoreline observations 

 

Twenty two sites were chosen to reflect spatial coverage of the lough and Bann catchment, fifteen 

around Lough Neagh, five down the Lower Bann, one in Ballinrees reservoir and one in Lower 

Lough Erne (table 3.2). 
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Table 3.2. Sites sampled for D. polymorpha presence using settlement panels, snorkelling surveys 

and shoreline surveys from April 2016 until October 2017 (for map see appendix 2/ fig. 3.1). 

 

 

Most of the sites where larval settlement panels were placed in Lough Neagh were within a few 

meters proximity to the Lough Neagh larval sampling sites. Because D. polymorpha abundance in 

Lough Erne is generally high, the Manor house marina site was selected as a control site for 

monitoring the suitability of the settlement panels for zebra mussel surveys. Ballinrees reservoir 

was selected as a site at the end of the Neagh Bann catchment system after information was received 

that D. polymorpha was present in the reservoir. Ballinrees reservoir is near the Lower Bann river 

mouth receives a lot of water from the River Bann which is pumped uphill into the reservoir to 

supplement stream discharge from much smaller water sources with largely forested catchment 

areas. Hence it either signifies a potential endpoint of the downstream zebra mussel dispersal along 

the River Bann, introduction through human activity (i.e. through fishing) or introduction through 

the traffic of seagoing vessels. In previous surveys of Lough Neagh, Kinnego Bay had the highest 

abundance of mussels compared with other sites in the lough; therefore extra panel sites were also 

placed in Kinnego Bay, in order to observe if there were noticeable differences in settlement 

distribution within the same bay.  

 

Site number  Site name Co-ordinates 

1 Kinnego Marina 54°29'27.377''N, 6°21'58.665''W 

20 Outer Kinnego Marina 54°29'27.301''N, 6°22'3.799''W 

2 Kinnego Point Sheltered 54°29'51.799''N, 6°22'50.098''W 

21 Kinnego Point Exposed 54°29'50.132''N, 6°22'55.109''W 

3 Bayshore (Ardmore Rd.) 54°30'27.36''N, 6°26'57.911''W 

4 Maghery Country Park 54°30'47.952''N, 6°34'11.568''W 

5 Brocagh 54°33'36.958''N, 6°35'41.121''W 

6 Kinturk Point (Curran Quay) 54°39'4.536''N, 6°30'27.864''W 

7 Ballyronan Marina Point 54°42'41.828''N, 6°31'37.757''W 

9 Cranfield Rd. 54°42'13.957''N, 6°21'43.588''W 

10 Antrim Shore Park 54°42'54.501''N, 6°14'29.266''W 

11 Lough View Rd. (Sand)  

Northstone materials 54°40'4.752''N, 6°16'52.425''W 

12 Fisherman’s Quay 54°35'23.419''N, 6°15'54.779''W 

13 Bartins Bay  54°31'45.818''N, 6°20'27.579''W 

14 Toome Canal  54°44'42.936''N, 6°27'57.662''W 

8 Toome  54°45'17.975''N, 6°27'49.872''W 

15 Newferry Rd. 54°49'15.717''N, 6°27'36.419''W 

16 Portglenone 54°52'25.095''N, 6°28'53.135''W 

17 Portneal Lodge 54°57'27.200''N, 6°32'16.000''W 

18 Drumaheglis Marina 55°3'57.142''N, 6°35'20.851''W 

19 Ballinrees reservoir 55°6'40.712''N, 6°45'21.751''W 

22 Manor House Lough Erne 54°25'43.392''N, 7°41'1.654''W 
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At each site three settlement panels were attached approximately 2 to 3 m beneath the water surface. 

Settlement units consisted of three grey 10 x 10 cm polyvinylchloride (PVC) plates (fig. 3.3). These 

plates were divided by dark 1 cm long Nylon spacers. The plates and their divides were held 

together by a central plain nylon screw and nut, and a second nylon screw to one side of the unit 

with no nut to stop the plates from spinning on the centre pin. Holes were drilled into the four 

corners of all the plates so that the units could be cable tied in place at each site. All plates and 

divides were sanded using Emery cloth (GRT 40) so that the plates had a rough surface, as this 

facilitates mussel colonisation. Ackerman et al. (1996) tested a range of materials for making 

settlement plates and found dreissenid mussel attachment strength on polyvinylchloride to be 

intermediate; a medium roughness of the PVC surface should further increase attachment strength. 

 

 

 

         

 

            

 

Figure 3.3. A, B & C. Complete settlement panel/unit, C. with biofilm and epifauna, D. Settlement 

panel opened with epifauna. 10 x 10 cm polyvinylchloride (PVC) plates with nylon spacers (Ns), 

screw (s) and nut (n).  

 

Settlement plates were deployed at each of the twenty two sites, three units per site, in April 2016 

and collected and replaced in July 2016, October 2016, April 2017, July 2017 and October 2017. 

Retrieved units were placed in an air-tight plastic containers, sprayed with a minimal amount of 

95% ethanol (not drenched as mussels would detach) and stored in a refrigerator at 4°C.  

A B 

C D 

 PVC  

Ns 

s 

n 

s 
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Settlement units were dismantled and the top and bottom surfaces of each plate were scraped clean 

with a scalpel. Settled juvenile and adult zebra mussels were counted. Length measurements to 0.1 

mm of the anterior-posterior axis along the sagittal plane were taken with a calliper. The removed 

biofilm was observed under a compound microscope in cross-polarized light. Veligers were counted 

and measured to nearest micron. 

 

Additional shoreline littoral and snorkel surveys for visual identification of D. polymorpha presence 

were undertaken at all twenty two sites with larval settlement panels. For snorkelling observations 

the immediate site around the settlement panels was explored for five minutes. Shoreline 

observation involved a five minute search on the strandline in closest proximity to the deployed 

settlement panels. During both types of survey any observed presence of D. polymorpha was 

recorded. 

 

3.2.3 Parasites 

 

Mussels were collected, ten from Lough Erne, twenty from Kinnego Bay (Lough Neagh), four from 

Toome (Lower Bann) and twenty from Ballinrees reservoir (table 3.3). Each mussel was dissected 

to separate the tissue from the shell; after dissection the mussel tissue was flushed with 75% ethanol 

according to Conn et al. (2008). The flushed residue was topped up with 75% ethanol to a volume 

of 15 mL. A 1 mL subsample was examined in a Sedgewick-Rafter counting cell under a compound 

microscope using brightfield and phase-contrast optics. Parasite abundance was recorded in N mL-

1 (number of parasites per 1 mL of flushed mantle material). 

Table 3.3. Dreissena polymorpha sampling sites for parasite investigation and DNA extraction (See 

also fig. 3.1) 

 

3.2.4 Genetic analysis 

 

To determine if D. polymorpha found at sites in the Neagh Bann catchment were related to each 

other and/or were related to D. polymorpha in the Erne system, mussels were collected for genetic 

analysis (fig. 3.4). Ten adult D. polymorpha were collected by snorkelling from each of the 

following sites; Lough Erne, Kinnego Marina, Toomebridge and Ballinrees reservoir (table 3.3).  

Site number  Site name Co-ordinates 

22 Lough Erne 54°25'43.392''N, 7°41'1.654''W 

1 Kinnego Marina 54°29'27.377''N, 6°21'58.665''W 

8 Toomebridge 54°45'17.975''N, 6°27'49.872''W 

19 Ballinrees reservoir 55°6'40.712''N, 6°45'21.751'' 
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Figure 3.4. Sampling sites for the genetic analysis; how related are the D. polymorpha populations 

at these four locations across N Ireland. Locations selected for phylogenetic analysis of D. 

polymorpha populations. 

 

The collected individuals were brought back to the laboratory in water from the site they were 

collected at, and kept alive in aerated plastic tanks until DNA could be extracted. Mussels from 

different sites were kept in separate containers. As boiling extraction had not yielded sufficient 

quantities, DNA extraction from the Dreissena muscle tissue relied on the FastDNA™ SPIN Kit 

for Soil. A 710-bp fragment of the cytochrome C oxidase subunit (COI) locus was amplified using 

the primers LCO1490 and HCO2198 (Folmer et al. 1994). After initial attempts with the PCR 

protocol by Folmer et al. (1994) yielded unsatisfactory results, a thermal gradient trial established 

that 51.6°C for 30 seconds in the middle of each cycle achieved the best results, probably because 

higher temperatures allowed for better annealing of the Taq Polymerase. Hence an optimised 

protocol was adopted for all PCR work: initial denaturation 3 min at 94 °C followed by 30 cycles 

at 94°C for 45 s, 51.6 °C for 30 s, 72°C for 1 min 35 s and final extension step of 72° for 10 min. 

Lough Erne Manor House Marina 
Lough Neagh Kinnego Marina 

Lower Bann Toomebridge 

Ballinrees Reservoir 
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The PCR mixture contained 1 µL DNA, 2.5 µL of each primer, 1 µL of each dTNP, 5 µL 10X PCR 

Buffer, 1.55 µL MGcl2, 36 µL ddH20 and 0.5 µL Taq DNA Polymerase. All 40 samples were 

cleaned using the Wizard® SV Gel and PCR Clean-Up System. Supreme run Sanger Sequencing 

was carried out by Eurofins with primers LCO1490 and HCO2198. ClustalOmega was used to 

compare the sequences of D. polymorpha from four sites in Northern Ireland two phylogenetic trees 

were produced, one for each primer LCO1490 and HCO2198. 

 

 

3.2.5 Substrate Suitability 

 

For calculation of percentages of suitable substrate for D. polymorpha settlement in different parts 

of Lough Neagh, the fisherman’s mental map from McKenna et al, 2008 was digitised on QGIS. 

After calculating the area of each substrate type, substrates were categorized as suitable or 

unsuitable for D. polymorpha settlement in reference to survey results from Karatayev et al, 1998. 

The collection of survey results in Karatayev et al., (1998), are a summary of over 2000 papers on 

Dreissena sp. published in Russia and the Former Soviet Union. Mud, clay, sand mud mix, and sand 

were classified as unsuitable for D. polymorpha settlement; level hard bottom, gravel, and rocks 

and stones, were classified as suitable. 

 

3.2.6 Estimate of total sedimentation rate from current regional wind data 

 

Douglas & Rippey (2000) analysed the relationship between the depth of the water mixed layer 

(DWML) and total sedimentation rate (g m-2 d-1) for five sites in Lough Neagh. Sampling points 

underlying these five different linear models were combined into a single linear regression (fig. 

3.5), which was then used to derive the rate of total sedimentation from DWML estimates. Mean 

daily total sedimentation rate across the whole Lough was calculated from hourly total 

sedimentation rates for each 100 x 100 meter grid cell of Lough Neagh. As the highest abundance 

of D. polymorpha in Lough Neagh has been recorded in Kinnego Bay, daily total sedimentation 

rates were also calculated for Kinnego Bay from hourly total sedimentation rates at -6.35° Latitude 

and 54.51° Longitude.   
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Figure 3.5. Single linear regression combining five different linear models found by Douglas & 

Rippey (2000) analysing the relationship between the depth of the water mixed layer (DWML) and 

total sedimentation rate (g m-2 d-1) for five sites in Lough Neagh.   

Hourly DWML was calculated using the equations from Douglas & Rippey (2000); using hourly 

fetch, water depth and hourly wind speed. The water mixed layer depth was assumed to be half the 

wavelength, i.e. DWML = lambda/2 (see methods in Douglas & Rippey 2000, Smith 1972). 

The two equations used for calculating the wave length are: 

𝑡𝑠 = (0.46 × [𝑔 ×
𝐹

𝑊−2]
0.28

) ×
𝑊

𝑔−1
 equation 3.1 (adapted from equation 3 in Douglas & Rippey, 

2000) 

𝜆 = 𝑔 ×
𝑡𝑠
2

2𝜋
 equation 3.2 (adapted from equation 6 in Douglas & Rippey, 2000)  

Where 𝑡𝑠 = wave period; λ= wave length; g = gravitational acceleration (𝑚𝑠−2) = 9.80665, F = 

fetch (m), and W = wind speed (𝑚𝑠−1) 

Hourly fetch was calculated by geoferencing a shapefile of Lough Neagh, dividing the map into 

100 x 100 metre grid cells, and then applying a calculation of distance for each grid cell to the lake 

boundaries  depending on the current hourly wind direction (in 10° steps). Bathymetry data from 

McKenna et al. (2008) was interpolated to a 100 x 100 metre resolution. The dataset for hourly 

wind data was provided by the Centre for Environmental Data Analysis and obtained from the 
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Aldergrove weather station (54.663787, -6.225136) located next to the Belfast International Airport 

within a few miles of the north east shores of Lough Neagh. The data obtained included hourly 

wind speed m s-1 h-1 and wind direction, from 10 m above ground height, from 2003 to 2017 (Met 

Office, 2012).  

Douglas & Rippey (2000) have also stated a direct relationship between total sedimentation rate 

and wind speed (R2 values up to 0.47); however, R2 values showed a much stronger relationship in 

the linear regression between DMWL and total sedimentation rate (R2 values up to 0.65), hence the 

use of regressions like in figure 3.5, which presents data for five sites in Lough Neagh. 

Results were presented in mg l-1 d-1 for ease of comparison to other global studies. There are 

limitations to the applied model: the lower limit of the total sedimentation rate had to be capped at 

zero, as at very low wind speeds the application of the regression yielded negative sedimentation 

values, which would be unrealistic, another element of uncertainty is the enormous size of the lake. 

Hence, there is considerable spatial heterogeneity in sediment type, depth and fetch which result in 

a high variance of total sedimentation rates depending on the location. This model also does not 

account for cumulative suspension effects, as it assumes that there is no prior sediment loading of 

the water column. Despite such limitations this model at least provides an indicative estimate of 

total sedimentation rates in Lough Neagh during the time period of the recorded Dreissena presence 

in Lough Neagh. 

 

3.2.7 Experiments on the monitoring of mussel activity 

Several experimental approaches were tested to monitor mussel filtration activity and movements. 

Hall Effect sensors were used to monitor the gaping behaviour of bivalves over time under varying 

environmental conditions. Video recordings were e.g. analysed for zebra mussel movement. 

Appendix 5 outlines progress and limitations of the Hall Effect sensor study. 
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3.3 Results 

 

3.3.1 Larval sampling 

 

Thirteen sites around Lough Neagh were sampled for the presence of Dreissena polymorpha larvae 

between 2015 and 2017. Dreissena polymorpha were found on all four shores of Lough Neagh (fig. 

3.6).  

The widest distribution of observed veliger larvae in Lough Neagh was in 2015. Larvae were 

observed at 6 sites; Antrim Shore Park, Kinturk Point, Brocagh, Bayshore, Kinnego Point, and 

Kinnego Marina. For the first time D. polymorpha larvae were also detected on the north east of 

the lough at Antrim Shore Park (fig. 3.6, 3.7). There was a distinct lack of mussel larvae in 2016; 

larvae were recorded in very low abundances with a presence at only two sites; Fishermans Quay 

and Kinnego Marina. Also in 2017 D. polymorpha were found at only three sites in 2017; Kinturk 

Point, Kinnego Point and Kinnego Marina. 

Records of the highest abundance of D. polymorpha larvae were from the south east corner of 

Lough Neagh in Kinnego Bay, on one occasion up to 16,178 larval veligers per m3, with the highest 

annual arithmetic mean abundance of 5,869 larval veligers per m3 in 2017. Kinnego Bay has also 

been the most frequently investigated site in previous surveys. In 2005 mussels were found on the 

hull of boats in the marina and on debris in the area, in 2006 and 2007 no larvae were found in 

Kinnego Marina, Between 2008 and 2010 mean veliger abundance in Lough Neagh from five 

plankton netting sites was 12.91 per m³ in 2008, 149.71 per m³ in 2009 and 31.98 per m³ in 2010. 

The majority of the larvae counted by McLean were found in Kinnego Bay.  

Few D. polymorpha larvae (≤1 veliger-1 m3 y-1) were found along the east coast, despite records of 

sessile adult populations along the east coast in 2013 (Rosell et al., 2013), particularly the current 

study’s sampling site Bartins Bay was in close proximity to one of the 2013 sites where a small 

clump of adult mussels was found.  

This study has conducted the first D. polymorpha larval survey in Rams Bay at Fishermans Quay. 

There had been evidence of a D. polymorpha presence on Rams Island in the middle of Rams Bay 

in 2005, and a dredge survey in 2013 in Rams Bay (Fishermans Quay) found adult mussels in the 

bay at multiple sites. With a known adult mussel presence in the area, the expectation was for higher 

larval abundances throughout the survey period from 2015 to 2017. Instead, larvae were only found 

at this site in 2016 and at low abundance (≤1 veliger-1 m3 y-1). This record fell into the period when 

all other survey sites showed lower larval abundances than usual.  
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No larvae (0 veliger-1 m3 y-1) were found at Lough View Rd. The site is characterised by the large 

sand works. Sand dredge barges frequently arrive here to deliver their cargo of sand freshly 

collected from the lough. Lough View Rd. is a site where sand and water from across the lough’s 

sand extraction area are offloaded. The sand is pumped out of the barges using water from the lough. 

The site is exposed to prevailing winds from the south east, in combination with sand brought in by 

the barges the high disturbance at this site may prevent nearby establishment of mussels.  

Although no previous larval surveys had occurred at Antrim Shore Park before, the area around this 

site had been investigated in previous studies. Shoreline surveys looking for evidence of a mussel 

presence had found no evidence in 2005, the site had not been surveyed from 2006 to 2007 and 

dredge surveys did not find any evidence of mussels in Antrim Bay in 2010 and in 2013.  

From 2015 to 2017 no larvae were found at the Cranfield Rd. site. Evidence of mussels had been 

recorded on the shoreline at Cranfield Rd. in 2005, and in the 2006 to 2007 survey 2 veliger larvae 

were found. Just offshore from Cranfield Rd. there were dredge surveys that found no evidence of 

mussels in 2013. The site is exposed to the full fetch of the lough to the south, so if larvae were 

present in Lough Neagh, the expectation is that wind driven currents would move larvae toward 

Cranfield Rd. and Antrim Shore Park. 

No larvae were found at Toomebridge. This was surprising, because there have been previous 

mussel records from the north shore within kilometres of Toome, which go back as far as 2005. 

Furthermore, this site is situated in the upper reaches of the Lower Bann as (the only outlet of Lough 

Neagh and thus drains the Lough Neagh Catchment. For this site there had been a record of juvenile 

mussels from 2006. 

No Larvae were found in Ballyronan Marina from 2015 to 2017. Samples at this site were collected 

at the mouth of the marina to collect water mixing from the open lough and the marina. Boats 

moored at Ballyronan travel to sites across the lough including Kinnego Marina and sometimes to 

sea up and down the Lower Bann. The marina is surrounded by large rock mounds, the jetties and 

their support posts are the same as in Kinnego Marina and thus appear to be suitable substrates for 

sessile D. polymorpha. Hence the distinct absence of larvae is particularly puzzling. Veliger larvae 

have however been observed at a nearby marina, The Battery, during the 2006 to 2007 survey. 

Kinturk Point and Brocagh both had a brief presence of D. polymorpha larvae, both sites have small 

jetties that protrude into the lough. Kinturk Point also known as Curran Quay is regularly used as a 

docking site for fishermen. Neither site has been surveyed for larvae before. So these new records 

increase the number of known sites with D. polymorpha larvae in Lough Neagh.  

No D. polymorpha larvae were found at Maghery during this study. However, larvae and juveniles 

have been observed at this site in 2006 to 2007. The River Blackwater enters the lough here. While 
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the river has no known D. polymorpha population, the river discharge regime is likely to affect the 

local larval abundances. 

D. polymorpha larvae were observed at Bayshore on the south of the lough in 2015. This site is 

dominated by sand, exposed to the open lough to the north. No previous records of D. polymorpha 

exist for this site. 
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Figure 3.6. Annual arithmetic mean number of D. polymorpha veliger larvae at each of the13 shore 

sites, circles represent years from left to right, 2015, 2016 and 2017.  Present, Absent, Not sampled. 
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The previous presence of D. polymorpha in Lough Neagh was mapped to provide a baseline for the 

current distribution pre 2015 (Fig. 3.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.7. Maps of D. polymorpha records in Lough Neagh from previous population studies 

(McLean et al, 2010; McLean, 2012 & Rosell et al, 2013). Present, Absent. 
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The larval abundance records from individual sites were compared to water quality data to find 

explanations of the observed pattern. For D. polymorpha dissolved oxygen concentrations < 2 to 4 

mg l-1 are lethal and > 8 mg l-1 are favourable for growth (Cohen & Weinstein, 2001). In 2016 and 

2017 dissolved oxygen levels for most sites reached critical minimum threshold for larval survival 

before and during the time larvae were present in the water column (fig. 3.8) thus probably affecting 

larval settlement and providing a partial explanation for the low abundance in the samples. In 

Europe, the zebra mussel appears to breed at water temperatures between 10 and 17°C (Sprung, 

1993), larval development takes place between 12 and 24°C, optimum growth of zebra mussels 

occurs at 17.3°C (Sprung 1987). However, water temperature was unlikely to have negative impacts 

on larval abundance at any of the sites, as for all three years, water temperature stayed within the 

12 to 24 °C range as required for reproduction and larval development during the breeding period 

from May to October (fig. 3.9). The minimum electric conductivity thresholds reported for 

successful zebra mussel adult survival range from 22 µS/cm and 62.5 µS/cm (Scorba & Williamson, 

1997; Bartell et al. 2007). Between 2015 and 2017 electric conductivity remained above the highest 

reported minimum threshold for D. polymorpha survival at all sites (fig. 3.10).   

 

Figure 3.8. Arithmetic mean dissolved oxygen concentration from 13 Lough Neagh shoreline sites. 

Standard deviation bars. Purple diamonds show time when larvae were observed. Red line shows 

lower critical threshold for D. polymorpha survival. Green line shows optimal concentration. 
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Figure 3.9. Arithmetic mean temperature from 13 Lough Neagh shoreline sites. Standard deviation 

bars. Purple diamonds show time when larvae were observed. Red line shows upper critical 

threshold for adult mussels. Green line shows optimal temperature for survival. Blue lines show 

upper and lower thresholds for larval survival. 

 

Figure 3.10. Arithmetic mean conductivity from 13 Lough Neagh shoreline sites. Standard 

deviation bars. Purple diamonds show time when larvae were observed. The red line represents the 

highest reported critical minimum threshold of electric conductivity.  
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The abundance of larvae in Kinnego marina allows for conclusions regarding the larval recruitment 

periods. In 2015 D. polymorpha were observed in May, June, July and August (fig. 3.11). In 2016 

D. polymorpha larvae were only observed in May, with only few records and low abundances. In 

2017 D. polymorpha larvae were observed in July and August (Fig. 3.12). Larvae abundances were 

observed in two main peaks in 2015 (May & September) and 2017 (July & August) but only one 

peak in 2016 (April) (Fig. 3.10, 12). Dreissena polymorpha larvae were not observed in high 

numbers for sustained periods of time suggesting quick settlement, high mortality or fast dispersion.   

 

 

Figure 3.11. Dreissena polymorpha larvae abundance and size distribution at Kinnego Marina 

Lough Neagh, 2015. 
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Figure 3.12. Dreissena polymorpha larvae abundance and size distribution at Kinnego Marina 

Lough Neagh, 2017. 

 

3.3.2 Settlement Panels 

 

Mussel larval settlement panels were placed at twenty two sites across Northern Ireland (fig. 3.1), 

to identify the presence of zebra mussels in the Neagh Bann catchment. Dreissena polymorpha 

presence was recorded at six of the twenty two sites; Kinnego Marina, Wider Kinnego Marina, 

Kinnego Point Sheltered, Kinnego Point Exposed, the Ballinrees Reservoir, and the control site 

Manor House Lough Erne. 

For the first time D. polymorpha presence has been observed far beyond Lough Neagh, downstream 

in Ballinrees Reservoir (fig. 3.13 a&b). Despite the wide distribution of D. polymorpha within the 

Neagh Bann catchment, sessile populations remain small except for Kinnego Bay and Ballinrees 

Reservoir.  

D. polymorpha juveniles settled in Lough Erne earlier in the year than at other sites, larval peaks 

appeared in August for Lough Erne and in October for Lough Neagh (fig. 3.13). The highest 

settlement of juvenile D. polymorpha occurred at the control site Lough Erne further demonstrating 

the comparatively low colonisation of zebra mussels in Lough Neagh. In previous surveys of Lough 

Neagh, Kinnego Bay had the highest abundance of mussels compared with other sites in the lough. 

Therefore, extra panel sites were placed in Kinnego Bay to observe if there were noticeable 

differences in settlement distribution within the same bay. The highest settlement of larvae on 
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marina and wider marina than at the discovery centre sites. Previous settlement panel surveys found 

juvenile mussels at Cranfield Road, Toomebridge and Maghery. No juveniles or larvae were found 

at these sites between 2015 and 2017.  
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Figure 3.13a. Arithmetic mean juvenile and veliger zebra mussel number at the settlement sites with 

positive mussel presence on panels.  
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Figure 3.13b. Arithmetic mean juvenile and veliger zebra mussel number at the settlement sites 

with positive mussel presence on panels.  
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3.3.3 Shoreline and Snorkelling Surveys 

 

The same twenty two sites (appendix 2) where larval settlement panels were placed were also 

sampled via shoreline littoral and snorkel surveys to identify visual presence of D. polymorpha 

(table 3.4).  

Shoreline investigations observed mussels washed up after floods in January 2016 around 

Ballyronan (1 mussel attached to an Anodonta anatina), Antrim Rae’s Wood (over 300 mussels) 

and at all sites in Kinnego Bay (several drues comprising of 10 to 20 mussels).   

During snorkelling investigations sightings of single adult mussels have shown that D. polymorpha 

are present in Rams Island Bay at Fishermans Quay (1 mussel), on posts at Bayshore on the southern 

shore (3 mussels), on the jetty at Cranfield Rd. on the north shore (4 mussels), on a submerged 

quayside at Toomebridge (10 mussels) under a submerged rock at the Toome canal mouth (2 

mussels) and on the old jetty posts at Drumaheglis Marina (5 mussels). Dreissena polymorpha were 

observed in abundances of hundreds per m2 on hard surfaces at Lough Erne, at all four Kinnego 

Bay sites and in the Ballinrees Reservoir (figure 13). See table 3.5 for details of snorkelling 

shoreline and settlement panel data in table format. 

During a snorkelling survey October 2017, it was observed that all the submerged branches and 

roots of a live willow tree in Outer Kinnego Marina were coated in juvenile D. polymorpha (table 

3.5). In Kinnego Marina it was observed that the top and bottom foot of the jetty support posts were 

free of mussels, while the middle 4 to 5 foot were coated in D. polymorpha and freshwater sponge 

such that the support post could not be seen. In October 2017 Kinnego Marina staff reported to the 

snorkelling team that they had seen greater water clarity in the marina and were having to remove 

macrophytes (Myriophyllum spicatum) from the marina, which were growing faster than in previous 

years due to the increased light penetration into the water. Sublittoral rocks around Lough Neagh, 

particularly in Bartins Bay were coated during the summer months in a thick filamentous algal mat 

of the dominant cyanobacterial phytoplankton species Planktothrix agardhii. No mussels were 

observed on these filamentous surfaces. 
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Table 3.4. Summary of D. polymorpha presence for all sites from larval sampling, settlement 

panels, snorkelling surveys and shoreline surveys. Presence is indicated by Y=Yes or N=No. Empty 

spaces show that sites were not sampled for respective surveys 

 

Site 

no. 

Site name Presence Larvae 

sample

s 

Settlement 

panels 

larvae/ 

juveniles/ 

adults 

Snorkellin

g mussel 

presence 

Shoreline 

shell 

presence 

1 Kinnego Marina Y Y Y Y Y 

20 Outer Kinnego Marina Y  Y Y Y 

2 Kinnego Point 

Sheltered 

Y Y Y Y Y 

21 Kinnego Point Exposed Y  Y Y Y 

3 Bayshore (Ardmore 

Rd.) 

Y Y N Y N 

4 Maghery Country Park N N N N N 

5 Brocagh Y Y N N N 

6 Kinturk Point (Curran 

Quay) 

Y Y N N N 

7 Ballyronan Marina 

Point 

Y N N N Y 

9 Cranfield Rd. Y N N Y N 

10 Antrim Shore Park Y Y N Y Y 

11 Lough View Rd. N N N N N 

12 Fisherman’s Quay Y Y N Y N 

13 Bartins Bay N N N N N 

8 Toome Canal Y  N Y N 

14 Toome Y N N Y N 

15 Newferry Rd. N  N N N 

16 Portglenone N  N N N 

17 Portneal Lodge N  N N N 

18 Drumaheglis Marina Y  N Y N 

19 Ballinrees reservoir Y  N Y N 

22 Manor House Lough 

Erne 

Y  Y Y N 
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Table 3.5. Detailed summary D. polymorpha presence for all sites from snorkelling surveys and 

shoreline surveys. Y=Yes or N=No 

 

 

 

 

Site 

no. Site name 

Snorkelling mussel 

presence  Shoreline shell presence 

1 Kinnego Marina 

Y thousands all sizes,  

thousands of adults on jetty 

Y drusses of mussels 

washed up 

20 Outer Kinnego Marina 

Y thousands all sizes,  

thousands of adults on 

rocks and submerged tree Y 

2 Kinnego Point Sheltered 

Y thousands all sizes,  

thousands of adults on 

rocks 

Y drusses of mussels 

washed up 

21 Kinnego Point Exposed 

Y  a few adult mussels 

found on rock   Y 

3 Bayshore (Ardmore Rd.) Y 3 adults on metal posts N 

4 Maghery Country Park N N 

5 Brocagh N N 

6 

Kinturk Point (Curran 

Quay) N N 

7 Ballyronan Marina Point N 

Y 1 adult mussel washed up 

attached to Anodona anatina 

9 Cranfield Rd. 

Y 4 adults on jetty support 

posts N 

10 Antrim Shore Park Y 3 adults found on post 

Y 300 washed ashore after 

storm in Rae’s wood 

11 Lough View Rd. N N 

12 Fisherman’s Quay 

Y 1 adult found attached to 

underside of rock N 

13  Bartins Bay  N N 

8  Toome Canal  Y 2 adults found on rocks N 

14 Toome  

Y 10 adults found on 

underside of rocks 

N however Fisherman’s Co-

operative found many 

mussels on their weir 

15 Newferry Rd. N N 

16 Portglenone N N 

17 Portneal Lodge N N 

18 Drumaheglis Marina 

Y 5 adults found on old 

jetty posts N 

19 Ballinrees reservoir 

Y hundreds of juveniles on 

small rocks 

N however commercial 

divers removed hundreds of 

adult mussels from the water 

tower 

22 

Manor House Lough 

Erne 

Y thousands of mussels on 

the jetty and rocks N 
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3.3.4 Parasites  

 

Adult D. polymorpha from Lough Erne, Lough Neagh, the Lower Bann and Ballinrees Reservoir 

were examined for parasites, particularly the presence of C. acuminatus (table 3.6). Lough Erne 

had the highest infection intensity, no D. polymorpha specimen at this site was without C. 

acuminatus. In Kinnego Bay, Lough Neagh, C. acuminatus was present in the majority of mussels. 

Only 10 mussels could be found in the river at Toome, no D. polymorpha specimen from this site 

was infected with C. acuminatus. In Ballinrees reservoir no parasites were found in D. polymorpha. 

Whilst this parasite is commensal, i.e. it is not known to have a negative impact on zebra mussel 

survival, the presence of C. acuminatus can provide some evidence as to the dispersal mechanism 

which enabled colonisation by individual  D. polymorpha populations. 

 

Table 3.6. Infection intensity of Conchophthirus acuminatus within D. polymorpha at four sites of 

interest  

 

 

 

 

 

 

 

Locality Number of 

mussels 

infected/examine

d 

Mean Shell 

length ± SD 

(mm) 

Number of C. 

acuminatus Total 

(range per host) 

Mean number of C. 

acuminatus per 1-ml 

flushed material 

Lough 

Erne 

10/10 2.33  ± 0.33 201 (3-48) 20.1 

Kinnego 15/20 2.15  ± 0.27 44 (0-14) 2.2 

Toome 0/10 2.66 ± 0.36 0 (0) 0 

Ballinrees 0/20 1.6  ± 0.11 0 (0) 0 
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3.3.5 D. polymorpha in Northern Ireland sequencing for phylogenetic analysis 

 

DNA sequences from a region of the mitochondrial COI gene of D. polymorpha from four sites was 

compared for an analysis of similarity in an attempt to trace back source populations and expansion 

routes through the Neagh Bann catchment. Figures 3.14 a and b show the similarity between mussel 

DNA sequences using primers LCO1490 and HCO2198. There is no clear clustering according to 

sites, which suggests very little diversity for the selected genetic marker between specimens from 

the four sites. 

For primer HCO2198 there was no difference between sample 1 from Ballinrees reservoir (end of 

the Lower Bann) and sample 7 from Lough Erne. These two sites were furthest apart and not 

connected by a waterway. Using the same primer there was no difference between Ballinrees 6 and 

Toome 7 both sites are opposite ends of the Lower Bann. Using the primer LCO1490 there was no 

difference between Kinnego 9 and Toome 3; these sites are at opposite ends of Lough Neagh.  

Similarly using the primer HCO2198 there was no difference between Ballinrees 5 and Kinnego 

10; these sites are located at opposite ends of the Neagh Bann catchment.  
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Figure 3.14a. ClustalOmega for comparison of a 710-bp fragment of the cytochrome C oxidase 

subunit (COI) locus of D. polymorpha from four sites in Northern Ireland using the primer 

LCO1490. N=38, sequencing failed for two samples. 
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Figure 3.14b. ClustalOmega for comparison of a 710-bp fragment of the cytochrome C oxidase 

subunit (COI) locus of D. polymorpha from four sites in Northern Ireland using the primer 

HCO2198. N=40 
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3.3.6 Substrate Suitability 

 

Substrate maps for Lough Neagh were examined to assess whether substrate type could be 

responsible for inhibiting an extensive D. polymorpha invasion of Lough Neagh. This study 

classified 85 % of the substrate types within Lough Neagh as unsuitable for D. polymorpha 

settlement (fig. 3.15). These break down as Sand (ø 0.063 mm) 16 %, Sandy Mud (ø 0.002 - 0.063 

mm) 1 %, Clay (ø 0.0063 mm) 1 % and Mud (ø 0.002) 66 %. Only 15 % of the substrate types 

within Lough Neagh are suitable for D. polymorpha settlement; they consist of Level hard bottom 

(ø 630 mm) 3%, Rocks & Stones (ø 63 mm) 11% and Gravel (ø 6.3 mm) 1 %. 

Even with these maps there remains considerable uncertainty in any assessment of substrate impact 

on colonisation success. The relatively low map resolution cannot account for suitable hard surfaces 

protruding from unsuitable substrate or for localised conditions such as hard wind and wave action. 

For example, the sites Kinnego Marina and Wider Kinnego Marina both have muddy substrate, 

highly unsuitable for D. polymorpha survival, yet at those two sites there was a substantial presence 

of D. polymorpha larvae, juveniles, adults and shells with some of the highest known abundances 

found in Lough Neagh. When snorkelling, it is easy to see, that all those adult mussels are found 

on hard suitable surfaces on marina support posts, submerged trees and rocks protruding from the 

sediment.  

Suitable substrate does not stand alone, but exposure to environmental stressors has to be 

considered, e.g. at sites Kinnego Point Exposed and Kinnego Point Sheltered. Both sites are 

dominated by large rocks and stones that make up the Point. On the sheltered side there was a high 

abundance of juveniles and adults on settlement panels and on the face of the rocks. Yet on the 

exposed side only metres away very few juveniles and adults were found on the settlement panels 

and rocks. 

Sites such as Bartins Bay, Antrim Shore Park, Bayshore, Ballyronan Marina Point, Toome Canal 

and Brocagh all dominated by sandy substrate had either no D. polymorpha presence or very low 

abundances of living mussels. The two or less veliger larvae per m3, or three or less adults on hard 

surfaces sticking out of the substrate or washed up adult mussels recorded here could have been 

carried a long distance from another site in the lough. 

Sites such as Cranfield Rd. and Lough View Road albeit rich in hard suitable substrate are highly 

exposed to the prevailing winds and wind driven currents. The map classifies Kinturk Point as a 

hard bottom site, suitable for D. polymorpha; however during snorkelling surveys, visual 

assessment revealed that the surface substrate consists entirely of sand deposits from the local 

Ballinderry River and is therefore unsuitable for D. polymorpha settlement. Only mussel larvae 

were found there.  
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Maghery is based on the boundary between suitable hard substrate and unsuitable muddy substrates. 

The site is dominated by aquatic vegetation that grows up in the summer covering the surface of 

the local bay and then dies back completely over winter. Therefore, no mussels were found there. 

At Fishermans Quay the site is characterised by large boulders, classified as suitable for D. 

polymorpha settlement. However, these boulders were coated in thick biofilms that grew during 

summer months but died back in winter. Whilst a few adults and larvae were found, the biofilm 

possibly inhibited successful attachment of D. polymorpha to rocks. 
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Figure 3.15 a. Substrate maps digitised from McKenna et al. (2008); darker substrates are 

progressively less favourable than lighter. The map has been annotated with records of D. 

polymorpha presence from the surveys between 2015 and 2017. 
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Figure 3.15 b. Substrate maps digitised from McKenna et al. (2008) divided into suitable and 

unsuitable substrates. Mud, Clay and Sand substrates highlighted in yellow show the 85% of the 

lough that has unsuitable substrate for colonisation by D. polymorpha. The map has been annotated 

with records of D. polymorpha presence from the surveys between 2015 and 2017. 
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3.3.7 Estimate of total sedimentation rate from regional wind data  

 

For the period of a known D. polymorpha presence in Lough Neagh between 2003 and 2017 the 

prevailing winds have been from a south south-westerly direction (fig. 3.16). Therefore the greatest 

wave and current activity is experienced in the North and north east of Lough Neagh (Wood & 

Smith, 1993). The wind rose shows that wind direction can occur from nearly all directions. This 

has not changed from the historic records at Aldergrove (1928 to 1946, 1949 to 1960) of wind speed 

and direction (Wood & Smith, 1993).  

 

Figure 3.16. Polar diagram of Aldergrove weather station wind direction and wind speed from 2003 

- 2017. 

 

Arithmetic mean wind speed was 4.2 m s-1 d-1, wind speeds exceeded 10 m s-1 d-1 at least once a 

year (fig. 3.17). 
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Figure 3.17. Aldergrove weather station wind speed data from 2003 to 2017, the period of known 

D. polymorpha presence in Lough Neagh.  

 

 

The box plot below is a visual comparison of the estimated daily total sedimentation rates 

(combined per year from 2003 to 2017) for Kinnego Bay and the whole Lough Neagh. A 

comparison is not appropriate, as this would be comparing the mean of the whole lough with one 

location.  

The arithmetic mean total sedimentation rate for Kinnego Bay from 2003 to 2017 was 33.03 mg l-1 

d-1. Kinnego Bay is shallow, with a maximum depth of 4 metres. In majority the bottom substrate 

is silty. Kinnego Bay is open to the rest of Lough Neagh on the west side, the entrance is exposed 

to prevailing winds and frequently has a choppy surface. Unsurprisingly, the estimates for total 

sedimentation rate in this shallow bay are much higher than the lough average.  The arithmetic 

mean total sedimentation rate for Lough Neagh from 2003 to 2017 was 2.56 mg l-1 d-1. Despite this 

difference in estimated total sedimentation rates D. polymorpha specimens were found in Kinnego 

Bay on hard surfaces above the silty substrate on the bed of the bay.  

Figure 3.18 shows that Kinnego Bay is one of the locations within the lough with a very high 

sedimentation rate, and the mean of the whole lough has a very low sedimentation rate. These are 

estimates based on equations from Douglas & Rippey (2000) and locally recorded wind data. For 

further comparison at a site level the estimated sedimentation rates would need to be confirmed 

with real time data from sediment traps at specific sites such as Kinnego Bay. This was not possible 

with the resources available during this thesis. 

 



81 
 

 
 

 

Figure 3.18. A box plot displaying the estimate (using Douglas & Rippey (2000) and wind data 

2003 to 2017) annual total sedimentation rates for Lough Neagh and Kinnego Bay, for the duration 

of D. polymorpha presence in Lough Neagh. 
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3.3.8 Lough Neagh invertebrate abundance from larval sampling  

 

Figure 3.19 shows the mean abundance of daphniids at the Lough Neagh sites during larval 

sampling. Kinnego Marina site had the highest mean abundance of daphniids; even Kinnego Point, 

albeit only 800 hundred metres away, showed a much lower abundance. 

The Daphnia spp. abundances found during this study (2015 to 2017) were similar to those in other 

Lough Neagh records of Daphnia spp. abundances from between 1972 and 2012. These historic 

Daphnia spp. abundances ranged from 0 to 10,000 per m3, with the exception of Daphnia hyalina 

var. galeata which peaked at 65,000 per m3 in August 2012 (McElarney et al, 2015).  

 

Figure 3.19. Box plot with arithmetic means of daphniid abundance between 2015 and 2017 in 

water samples from larval survey sites. 
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Figure 3.20 shows the abundance of copepods of the Lough Neagh sites during larval sampling. 

The greatest abundance of copepods were found at Toomebridge, where copepod abundance 

sometimes reached such proportions that it became visible by the naked eye when collecting larval 

samples. This site has the position on the Lower River Bann which is furthest upstream and 

therefore receives a flow of water carrying a lot of nutrients and zooplankton from the lough.  

Abundances of copepod found in this study were lower than those recorded in other studies from 

Lough Neagh. Copepod abundances in Lough Neagh between 1972 and 2012 ranged from 0 to 27 

000 per m3 Eudiaptomus gracilis and from 0 to just over 60 000 per m3 for Cyclops spp. (McElarney 

et al, 2015).  

 

 

Figure 3.20. Box plot with arithmetic means of copepod abundance between 2015 and 2017 in water 

samples from larval survey sites. 
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3.4 Discussion 

 

3.4.1 Historic and recent data of zebra mussel presence in the Neagh Bann catchment 

 

This is the first study to document the presence of D. polymorpha in the Lower River Bann and 

Ballinrees Reservoir. The combined observations of larvae, juvenile and adult D. polymorpha on 

all four shores of Lough Neagh confirm that D. polymorpha is now present across the lough. Despite 

the geographic expansion within the Neagh Bann catchment the population growth in the lough 

appears to lag far behind initial expectations, because sustained mussel presence and recruitment 

success appears to depend on site specific conditions. Initially mean total lough annual larval 

abundance of D. polymorpha for this project was put in a table for comparison with previous 

surveys. However the comparison between survey years comes with the caveat that the difference 

in sample size is likely to affect the mean. 

In Kinnego Bay, D. polymorpha larvae were not observed for any more than five consecutive weeks 

in 2015, or for any more than two consecutive weeks in 2016 and 2017, although cumulatively the 

intermittent annual larval presence extended over total periods of 6 to 18 weeks in 2015 and 2017. 

The variance in larval numbers and presence from 2015 to 2017 did not reveal any clear annual 

patterns.  

Before larvae settle on the substrate, they spend several days to three weeks in the water column 

(Lewandowski, 1982; Sprung 1989). Nichols (1996) noted that annual duration of larval production 

can range from 6 and 52 weeks, their study suggested a typical larval annual production lasting over 

10 to 12 weeks. Dreissena polymorpha larval abundance counts in Lough Key, Ireland over a six-

year period recorded larval production over durations of 6 to 12 plus weeks (Lucy, 2006). The 

expected outcome from this Neagh Bann survey had been to see the longest and largest larval 

presence in Kinnego Bay, however, larvae were observed for a shorter period than in other D. 

polymorpha studies (< 6 weeks in 2016 and 2017), which suggests that veligers are either maturing 

faster, dispersed into the open lough very quickly or that they experience high larval mortality which 

would affect colonisation and population growth in Lough Neagh. The mixing regime of water from 

Kinnego Bay with the open lough is not yet known, and it is therefore difficult to assess the 

likelihood of larval dispersal from the bay to the rest of the lough. Across all other sites in Lough 

Neagh larval abundance was very low, from that it could be inferred that either there was low 

reproduction success possibly due to a lack of breeding adult mussels (Allee effect) or high larval 

mortality. McLean (2012) already suggested that an Allee effect due to mate limitation in the 

vastness of Lough Neagh may be the cause for slow population expansion. Documenting an Allee 

effect at low population abundance is difficult, because the natural high variances in small 

populations such as those of the mussel in Lough Neagh often obscure statistical analysis, in 
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addition the component of fitness for mussels in Lough Neagh may be offset by the component of 

fitness in another population. 

D. polymorpha seasonal larval abundances, larval size distributions and juvenile settlement patterns 

can display temporal and spatial variation (Lucy, 2006). For example, a six year survey with weekly 

sampling in Lough Key, Ireland, found larval abundance ranging from 0 to 26 veligers / L over 

periods of 6 to 12 weeks (Lucy, 2006). In 2015 and 2017, this study observed two typical peaks in 

larval abundance (May & September 2015; April 2016; and July & August 2017). Nichols (1996) 

suggested that there was / is no seasonal comparison in duration between peak larval abundance or 

time between peak larval abundance.  

It is well established now that riverine populations of D. polymorpha are dependent upon a supply 

of settling juveniles from upriver sources of hosting self-recruiting adults (Kern, 1994; Stoeckel, 

2004). The water in Ballinrees Reservoir is supplied by streams with hilly partially forested 

catchments and also water pumped from the Lower Bann by Northern Ireland Water. The similarity 

in DNA of D. polymorpha from the four investigated sapling sites in figures 3.14 a and b showed 

no clear spatial clustering, suggesting little difference between the four sampling sites for the chosen 

genetic marker.  This supported the idea that D. polymorpha in Ballinrees Reservoir and the Lower 

River Bann are likely to be the offspring of D. polymorpha from the Kinnego Bay. Water retention 

time within Lough Neagh is estimated at 1.18 years (Foy, 2003), it is therefore unsurprising that D. 

polymorpha have now been observed in the only outlet of Lough Neagh. For further research on 

this question microsatellite DNA analysis would allow for higher resolution genetic data, 

microsatellite DNA analysis and has been used on Irish species so a baseline already exists (Gosling 

et al., 2008). 

A wide body of literature exists examining the population dynamics of D. polymorpha (McMahon, 

2010). McLean (2012), listed environmental tolerances of adult and larvae D. polymorpha, adapted 

from McMahon (1996) for temperature, respiratory response, anoxia/hypoxia, salinity tolerance, 

emersion tolerance, freezing air tolerance, pH limits, calcium concentrate limits, starvation 

tolerance, turbidity tolerance, organic enrichment, and food particle size limitations. The zebra 

mussel tolerance limits for these parameters from the literature suggested that Lough Neagh was a 

suitable location for colonisation by D. polymorpha (McLean, 2012). Similarly, none of the 

chemical data of the DOLMANT report (McElarney et al, 2015) on Lough Neagh indicate that the 

lough could be unsuitable for colonisation by D. polymorpha. This discussion explores the potential 

population inhibitors within Lough Neagh including; substrate suitability, wind driven water 

motion, suspended particulate matter, temperature, dissolved oxygen and conductivity, trophic 

status of the lake, phytoplankton, lipid content and fatty acids, parasitism, competition for 

resources, and predation.  
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3.4.2 Substrate suitability 

 

Currently, the best collective knowledge for Lough Neagh substrate type is a combination of mental 

maps formed from local knowledge overlaid by side scan sonar readings (McKenna et al, 2008). 

Lough Neagh substrate predominantly consists of mud; however, hard bottom, clay beds, sand beds, 

gravel beds, rock, stone and sand and mud substrate types are also present (McKenna et al, 2008). 

Substrate type is essential for the successful settlement, achieving high population abundance and 

long term survival of Dreissena polymorpha (Karatayev et al., 1998). 

By far the poorest substrate for D. polymorpha survival is mud (silt), as fine sediments smother 

mussels clogging their gills and covering hard surfaces suitable for settlement (Karatayev et al., 

1998). Silty substrate can be colonised, if mussel druses form on items settled in the sediment 

(Karatayev et al., 1998). 66 % of surface substrate in Lough Neagh’s basin is mud, this substrate 

dominates the middle and north of the lough. Unsurprisingly, Lough Neagh has a high annual 

average total sedimentation rate of 53.2 ± 44.1 g m-2 d-1 (Douglas & Rippey, 2000).  The substrate 

of the Lower Bann is currently undocumented. Ballinrees Reservoir has only a thin layer of silt and 

a suitable rocky bed with limited surface area for wind driven currents. There are examples, in the 

literature, of high abundances of mussels in Russian reservoirs where only a thin layer of silt was 

present, however as reservoirs age silt build-up leading to a reduction in the abundance of mussels 

(Karatayev et al., 1998). Eutrophication can also lead to high siltation which reduces the availability 

of suitable substrates for settlement in lakes (Karatayev et al., 1998).  

Lough Neagh has several clay beds, although access to those beds was not possible, as they were 

too far from accessible shoreline for snorkelling. Dreissena polymorpha are typically only found in 

low abundances (72 / m²) on clay (Karatayev et al., 1998). Mussel exposure to suspended clay (25-

250 mg l-1, < 2 µm) results in increased frequency of valve closure and increased production of 

pseudofaeces and faeces, both can lead to reduced filtration and therefore a reduction in energy 

intake potentially affecting chances of survival (MacIsaac & Rocha, 1995). There are however 

cases, where D. polymorpha has preferentially ingested clay and detritus particles over 

phytoplankton, possibly for enhanced growth (Baker et al., 1998). 

D. polymorpha is known to colonise vegetation both macrophytes and submerged trees. 

Macrophyte beds are common on the sheltered shores of Lough Neagh and would make favourable 

settlement sites, however, macrophyte die back can often lead to mussel mortality, especially over 

muddy hypoxic or anoxic substrates (Karatayev et al., 1998). Settlement panels, in this study, in 

outer Kinnego Marina were cable tied to a submerged willow tree, most of the submerged branches 

were completely coated in < 1 cm D. polymorpha mussels. Submerged trees, particularly old forest 
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stumps, are well documented as suitable substrata for large abundances of D. polymorpha 

(Karatayev et al., 1998). Although no D. polymorpha were found on filamentous algal surfaces 

which are present in many of the shallow bays of Lough Neagh, artificial filamentous surfaces are 

known to facilitate mussel recruitment by increasing suitable surface area for settlement (Folino-

Rorem et al., 2006). 

During the January 2016 floods wood and plastic debris washed up on Lough Neagh shorelines in 

great quantities. It is possible these mobile hard settlement surfaces act as vectors for transport. At 

all sites used for the larval sampling debris along the shoreline was examined; however, no debris 

had any evidence of D. polymorpha attachment.    

Solid surfaces, rocks, sometimes course sand make suitable surfaces for long-term settlement 

(Karatayev et al., 1998). Hard surfaces in Kinnego Bay; wooden marina posts and rocks on the edge 

of the bay were all coated in D. polymorpha mussels of all sizes. The south and west of Lough 

Neagh have suitable substrate types and yet hardly any larvae were found on the south and west 

shores outside Kinnego Bay. This suggests that an invasion of Lough Neagh by D. polymorpha may 

be inhibited by other factors than substrate type.  

The larval sampling, settlement panels, snorkelling and shoreline observations all took place in the 

shoreline region of Lough Neagh. There are suitable rocky outcrops in the middle of Lough Neagh. 

Sampling the open lough particularly with a grab sampler/dredge would have been ideal to map the 

open lough D. polymorpha population. However, an application for funding such a survey was 

unfortunately not successful. This study continued with the available resources making the 

assumption that if a large populations of D. polymorpha was present in the open lough; then larvae 

and dead adult mussel shells would be washed up on shorelines by prevailing winds and currents. 

Shoreline investigations observed mussels washed up after floods in January 2016 in Antrim Rae’s 

Wood (on the north east shore of Lough Neagh). Over 300 mussels washed up; this could be 

evidence for a large mussel population in Antrim Bay possibly on the old WW2 torpedo platform 

or on a rocky section of substrata perhaps even as far out as the middle of Lough Neagh. 

3.4.3 Wind driven water motion 

 

Surface winds across lakes directly and indirectly affect mussel survival. Juvenile and adult mussels 

on substrates in shallow water are at risk of being dislodged by wind driven water motion 

(Karatayev et al., 1998). Wind driven waves and currents stir up and move sediment, increasing 

suspended particulate matter potentially smothering or burying mussel populations (Karatayev et 

al., 1998). Prevailing winds across Lough Neagh are from a south, south-westerly direction and 

wind speed duration is highly variable (see figure 3.16). It would be reasonable from the prevailing 

wind data to expect that the south and west shores offer the most shelter, are lower in sediment 
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suspension and wind driven currents, and therefore having the greatest potential for mussel survival 

in relation to wind. However, based on the shallow well-mixed state of Lough Neagh this shelter is 

limited.  The surface of Lough Neagh is most often not in a steady state, it can take up to five hours 

for a steady wave state to develop (Hueston, 1993; Nagi, 1986). Water circulation within the Lough 

is impacted by wave action. There is a linear relationship between wind speed and near surface 

current up to 5 m s-1 wind speed, above that there is poor correlation due to the effects of wave 

action and currents generated by Seiche Oscillations (Nagi, 1986). From wind data as seen in figure 

3.17 it is clear that from 2003 to 2017 the wind speed was regularly above 5 m s-1, and therefore in 

a well-mixed state. Historic research provides a benchmark in shore current speeds up to 16.65 cm 

s-1 at a depth of 1 metre during stable wind speeds of 7.7 m s-1 wind. Offshore currents are sporadic, 

constantly changing and range between 1.2 and 6.93 cm s-1. Lough Neagh’s current speed at 12 m 

depth shows a long-term stability at 7 cm s-1 (Heston, 1993). Records from the early 90’s show that 

wind speed during a storm event reached 15 m s-1 the consequence was that 91.9 % of the lake 

bottom was affected by wave action (Heston, 1993). These currents may help mussel larval 

distribution around the lough however while adult mussels can tolerate velocities above 2 m s-1, 

spat settlement takes place when current velocities are below 2 m s-1 (Boelman, 1997). Wind driven 

currents in Lough Neagh fall far below the 2 m s-1 maximum tolerance for larval settlement. It 

therefore seems more likely that sediment suspension has a greater impact on mussel survival than 

wind driven water motion. 

3.4.4 Suspended particulate matter  

 

The six major rivers flow into Lough Neagh draining a total catchment area of 4,453 km2, Lough 

Neagh acts as a sediment trap for all the material flowing in from influent rivers, only a small 

proportion of this material passes through the lake to the Lower Bann (Wood & Smith, 1993). As a 

shallow lake with sediment rich substrates Lough Neagh undergoes intense sediment resuspension 

followed by rapid water column clearance (Douglas, 1998). High concentrations of suspended 

inorganic solids can overload D. polymorpha gut and gills inhibiting growth rates (Morton, 1971). 

Zebra mussels vary their response to elevated levels of inorganic suspended particulate matter 

depending on the duration of their exposure (MacIsaac & Rocha, 1995). 

During long term exposure zebra mussels can structurally adapt to relatively high suspended 

sediments, displaying ecophenotypic growth behaviour. For example, zebra mussels develop larger 

palp to gill ratios to enable higher feeding selectivity (Payne et al., 1995). In a wide range of 

bivalves, the selection efficiency (the rate at which food and non-food particles are sorted) is 

positively correlated to the size of the labial palps (Kiørboe & Møhlenberg, 1981). Payne et al., 

(1995) noted that mussel gill area did not significantly differ between sites of varying turbidity, 

ensuring that zebra mussels retained the potential for high filtration rates irrespective of high or low 
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concentrations of suspended solids. When exposed to turbidity of 80 NTU (500 mg l-1) for four 

weeks Dreissenid mussels adjusted and were able to maintain a more constant metabolic rate over 

a range of turbid conditions (Summers, 1996).  

Despite long term adaptations there is evidence to suggest D. polymorpha cannot survive sustained 

(extreme) high levels of suspended particulate matter. In the 1920s, D. polymorpha were the 

dominant species in lakes of the Volga River Delta (Karatayev et al., 1998; Pokrovskaya, 1966). 

However, by the 1950s a large increase in bottom siltation caused them to disappear (Karatayev et 

al., 1998; Pokrovskaya, 1966). Rivers with continuous high concentrations of suspended matter 

have only rare populations of D. polymorpha as the suspended particulate matter inhibits filtering 

activity (Karatayev et al., 1998). Dreissena polymorpha are unable to survive constant 

concentrations of suspended particulate matter higher than 10 to 40 g m-3 (10 to 40 mg l-1) 

(Karatayev et al., 1998; Mikheev 1967). In Lough Neagh sediments traps used in 1998 indicate that 

the maximum recorded sedimentation rate was 18 mg l-1 and the average sedimentation rate over 

the year was 4 mg l-1 (Douglas, 1998).  The estimates in this study for Lough Neagh as a whole, see 

figure 3.18, are slightly lower than found by Douglas 1998, but this is not surprising as Douglas 

1998 findings were taken from the silty north west of the lough. The estimates in this study for 

Kinnego Bay, see figure 3.18, are very high and provide a strong indication that sedimentation and 

sediment suspension may be the limiting factor affecting D. polymorpha survival and inhibiting 

rapid population expansion in Lough Neagh. Real time measurements by Douglas 1998, showed 

that short periods of high winds were sufficient to cause total sedimentation rates many times higher 

than measured by cores in the lough. Research in 1992 at Kinnego bay (the key site for D. 

polymorpha in Lough Neagh) found up to 51.1 mg l-1 suspended solids (Muqi & Wood, 1994). 

Surveys from 1950 to 1951 noted zebra mussels near the inflow, outflow and on macrophytes within 

Lake Druzno, Poland. However, by 1990 no zebra mussels could be found in the lake. This was put 

down to muddy, frequently resuspended substrata, high in nutrients and toxicants from industrial 

water (Wiśniewski, 1990). Lake Druzno is shallow 3.0 m max depth, 1.2 m mean depth, with seston 

rates 53.3 mg l-1 (Wiśniewski, 1990). It is likely that the factor that wiped out D. polymorpha in 

Lake Druzno are the same cause for low population growth of D. polymorpha in Kinnego Bay and 

wider Lough Neagh. 

During short term (temporary) exposure zebra mussels display functional adaptations in response 

to high levels of suspended particulate matter. The relationship between structural and functional 

adaptations to high suspended sediment remains largely undocumented. Functional adaptations 

include; increased production of waste (faeces & pseudofaeces), temporary reduction of filtration 

(clearance rate) and temporary halt in filtration (closed valves). Increased production rate of faeces 

and pseudofaeces in response to high turbidity and fine graphite particles has been noted in several 

studies (MacIsaac & Rocha, 1995; Jenner & Janssen-Mommen, 1993; Morton, 1971). One study 
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investigated the impact that resuspended matter has on filtration capacity in D. polymorpha, mussels 

were moved from mesotrophic Lake Partęczyny to eutrophic Lake Druzno (Wiśniewski, 1990). The 

mussels displayed short term functional adaptations initially halting filtration by closing their valves 

only opening after 10 to 30 minutes to display elimination behaviour by filtering only when fine 

particles remained in suspension (Wiśniewski, 1990). Contrary to expectation the mussels exposed 

to the suspended sediment had an equal or greater ingestion rate than mussels not exposed to 

suspended sediment (Wiśniewski, 1990). It is therefore possible that D. polymorpha may be able to 

functionally adapt in Lough Neagh especially as intense sediment resuspension is followed by rapid 

water column clearance (Douglas, 1998). Closed valve behaviour allows D. polymorpha to survive 

suspended particulate matter concentrations up to 500 g m-3 (500 mg l-1) during storms in the 

Taganrog Gulf Azov Sea (Karatayev, Burlakova, & Padilla, 1998; Lyakhnovich et al. 1994). It 

would therefore not be unreasonable to assume that D. polymorpha in Lough Neagh (even in 

Kinnego Bay) close their valves during storm periods when suspended particulate matter 

concentrations are exceptionally high. 

3.4.5 Temperature, dissolved oxygen and electric conductivity 

 

In Europe, waters between 10 and 17°C are required for zebra mussel breeding (Sprung, 1993), 

larval development takes place between 12 and 24°C, optimum growth of zebra mussels occurs at 

17.3°C (Sprung 1987). Zebra mussels require between 10 and 15°C for maximum adult growth 

(Walz, 1978). In the Former Soviet Union studies found 10°C was required for growth and 

development, 15 to 18°C required for spawning, maximum spawning temperatures occurred 

between 28 to 31°C (Karatayev et al., 1998; Mikheev 1967). The temperatures recorded in Lough 

Neagh were 12 °C to 23 °C for all thirteen sites, so all were within a suitable range for larvae 

reproduction, growth and feeding. Samples were collected between 8 am and 8 pm, the range of 

temperature on warm days suggests that some sites are not well mixed with the open water body of 

the lough. Many of the thirteen sites have shallow bays and dark substrates with the potential for 

rapid warming. It is possible that poor mixing based on highly variable temperatures could have 

consequences for the distribution of D. polymorpha larvae in shallow near shore sites. The average 

temperature in Lough Neagh is rising, and will eventually lead to the mortality of Mysis salemaai 

(Griffiths, 2007; Griffiths et al., 2015; McElarney, 2015). This may bring about significant change 

within the lake as M. salemaai migrate regularly from the benthos to pelagic waters where they 

become an important diet for fish species and predators and competitors with zooplankton (Andrew 

& Woodward, 1993; McElarney, 2015). Zooplankton numbers in Lough Neagh have increased 

significantly as water temperature rises (McElarney, 2015). For D. polymorpha in Lough Neagh 

this means increased stress from warmer temperature and increased competition for resources as 

numbers of competitors increase. 
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The minimum conductivity required for successful zebra mussel adult survival is between 22 µS/cm 

and 62.5 µS/cm (Scorba & Williamson, 1997; Bartell et al. 2007). The minimum conductivity 

required for successful colonisation by zebra mussels is 83 µS/cm (Cohen & Weinstein 2001). The 

minimum conductivity for larvae has not been researched but is accepted as above 22 µS/cm. The 

average conductivity during sampling ranged between 246 and 312 µS/cm, the lowest conductivity 

was 208 µS/cm, and the highest conductivity was 478 µS/cm. All conductivity readings were above 

the necessary requirement for D. polymorpha survival, so conductivity can be discounted as a cause 

for D. polymorpha slow invasion. 

 

Dreissena polymorpha has a poor tolerance to low oxygen conditions; to D. polymorpha prolonged 

dissolved oxygen concentrations < 4 mg l-1 are lethal and > 8 mg l-1 are favourable for growth 

(Cohen & Weinstein, 2001). Dissolved oxygen is required for respiration by all zooplankton, beds 

of mussels can act as an oxygen sink; consequently large populations of D. polymorpha can change 

the dissolved oxygen concentration of the water (Effler et al, 1996). There is limited information 

regarding larval survival in relation to dissolved oxygen concentration, some research has been 

done studying extreme low dissolved oxygen systems in ship ballast (Tamburri, Wasson & 

Matsuda, 2002). A summary of Former Soviet Union papers found that critical threshold for D. 

polymorpha was 25% oxidation, however temperature plays a big role in the outcome (Karatayev 

et al., 1998; Mikheev 1967). 100% of mussels died in anaerobic conditions on the sixth day at 17 

to 18°C, on the fourth day at 20 to 21°C (Karatayev et al., 1998; Mikheev 1967; Mikheev, 1964). 

Additionally small mussels mortality was higher as they were more sensitive to the lack of oxygen 

(Karatayev et al., 1998; Karpevich, 1952). 

 

Adult D. polymorpha have poor anoxia/hypoxia tolerance and poor oxygen regulatory ability, this 

restricts mussel existence to well oxygenated water, limiting success of survival in eutrophic, 

hypoxic and hypolimnetic waters (McMahon, 1996). There was a lot of variability in the dissolved 

oxygen readings across the thirteen shore sites. Many of the sites including Kinnego Marina in 2017 

during the larval stage fell below the required 4 mg l-1. It is possible adult mussels clamed to reduce 

O2 requirements for short periods of time however more surprising was the discovery of live mussel 

larvae at these same sites where DO was below 4 mg l-1. It seems likly that these DO readings were 

temporarily low as water temperature was high and results were taken during the warmest period 

of the day. The majority of the dissolved oxygen readings were above the lethal 4 mg l-1. The mean 

dissolved oxygen levels were all below the 8 mg l-1 the threshold over which conditions are 

favourable for growth. The recruitment of mussels in 2015 and 2016 occurred when DO was 

between 5.7 and 9.7 mg l-1.  
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The water column in Lough Neagh is usually isothermal, well mixed by surface winds resulting in 

near uniform distribution of oxygen (Gibson & Stewart, 1993). Temperature gradients formed 

during calm warm periods form oxygen gradients with oxygen produced at the surface and 

consumed at the bottom by sediments (Gibson & Stewart, 1993). Continuous oxygen monitoring 

of the water column in Antrim Bay during 1977 showed that when wind speed is < 2 m sec-1, a 

thermal gradient can establish and within 5 days oxygen can completely be consumed from the 

bottom 1 metre (Gibson & Stewart, 1993). Silty substrates have high oxygen requirements, they 

actively absorb oxygen, this may be one of the biggest inhibitors for successful settlement and 

growth of D. polymorpha in Lough Neagh (Karatayev et al., 1998). These low oxygen conditions 

at the sediment-water interface delayed choronomid populations from hatching in 1975 until the 

following year, invasive mussel populations with high oxygen demand may have faced the same 

DO limitations over the last decade (Carter, 1978). During snorkel surveys it was observed that D. 

polymorpha do not grow on the bottom foot above the silty substrate of Kinnego Marina. The same 

was observed in Kuibyshevskoe Reservoir (Russia), over silty sediments no mussels grew on the 

bottom metre of submerged trees even though in the same reservoir in areas which had a constant 

water current and oxygenation high abundances of mussel grew to the bottom of submerged trees 

(Karatayev et al., 1998; Lyakhov & Mikheev 1964). Alexander et al. (1994) observed that oxygen 

consumption declines with increased inorganic turbidity, the rate of decline is increased at higher 

temperatures. 

Moreover, moderate numbers of zebra mussels can also reduce the dissolved oxygen levels in lakes, 

reservoirs and large rivers with limited inputs of dissolved oxygen (Caraco et al, 2000). Eleven 

years of dissolved oxygen records in the Hudson River established that zebra mussel populations 

reduced local dissolved oxygen by 1 mg l-1, and that zebra mussel respiration was about 1.1 g of O2 

m-2 d-1 (Caraco et al, 2000). In the Seneca River (USA) high mussel abundances (33000 to 61000 

individuals per m-2) respired at 34 g O2 m-2 d-1 depleting local DO concentrations by 1.7 mg l-1 

(Effler & Siegfried, 1994). Research in 1992 at three sites in Kinnego bay found that oxygen 

concentrations were severely depleted (4.29 mg l-1) at the river flush near the Kinnego Marina site, 

most likely due to wastewater effluent discharge, but increased (9.85 & 10.84 mg l-1) towards the 

bay exit to Lough Neagh (Muqi & Wood, 1994). This research, although a decade before the 

introduction of D. Polymorpha, suggests that oxygen conditions in Kinnego Bay and possibly much 

of the open lough are not suitable for D. polymorpha survival. Should the mussels survive and 

abundances increase there are serious concerns that the dissolved oxygen content could decrease 

further.  
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3.4.6 Trophic Status of the Lake 

 

Lough Neagh, is a naturally mesotrophic lake that has been enriched by anthropogenic 

eutrophication over the last century and is currently classed as hypereutrophic (Elliot, McElarney 

& Allen, 2015; Wood & Smith, 1993). Degradation of water quality in Lough Neagh resulted from 

excessive loading of diffuse N from P rich agricultural land during the past century (Bunting et al., 

2007) and from point source high phosphorus loadings from urban waste water treatment works 

(Foy et al., 1995; Smith, Jordan & Annett, 2005). From 1971 to 1979 wastewater treatment works 

accounted for 54% of the soluble reactive phosphorus entering Lough Neagh, approximately 137 

tonnes per year-1 (Wood & Smith, 1993). In the early 1980s the introduction of a P-reduction 

programme consisting of tertiary treatment at 10 major sewage treatment works, the programme 

saw total P discharges reduce to no more than 1 mg l-1 (Wood & Smith, 1993).  The P-reduction 

programme was extended in 1982 to all major sewage treatment works that discharged into Lough 

Neagh (Wood & Smith, 1993). 

Although not always the case D. polymorpha are often absent from highly eutrophic lakes with high 

phosphorus levels (Stanczykowska et al. 1983; Stanczykowska 1984). A summary of papers from 

the Former Soviet Union suggested that D. polymorpha prefer mesotrophic lakes (Karatayev et al., 

1998). Initially eutrophic lakes were assumed to be the best habitat for D. polymorpha, however a 

study of 553 Belarussian lakes discovered that D. polymorpha are found most often in mesotrophic 

lakes, fewer in oligotrophic and meso-oligotrophic lakes and the smallest presence in eutrophic and 

dystrophic lakes (Karatayev et al., 1998).  

Eutrophic lakes result in high abundances of algal growth that can clog mussel gills used for filter 

feeding (Stanczykowska, 1984). Maximum abundance of D. polymorpha moves to shallower 

depths with increasing lake eutrophication, as eutrophication increases siltation reducing suitable 

substrate in deeper water (Karatayev & Burlakova, 1995; Burlakova, 1998). The substrates in 

shallow depths are more exposed to surface currents and therefore often more motile. There is 

potential for nutrient rich lakes with high primary productivity to have high rates of bacterial 

decomposition leading to low oxygen levels (Ramcharan, Padilla, & Dodson, 1992). Increasing 

eutrophication, particularly phosphorus loading, led to patterns of decreasing abundance and 

distribution of zebra mussel in the Great Masurian Lakes (Stanczykowska & Stoczkowski, 1997). 

Zebra mussel populations collapsed in Lakes Glębokie & Zęlwążek, caused by nutrient enrichment 

from a trout hatchery (Lewandowski, Stoczkowski & Stanczykowska, 1997). In Lough Neagh 

nutrient loadings from the catchment have decreased, however nutrient loading may remain high 

due to legacy nutrient captured in sediments throughout the catchment (McElarney et al, 2015). 

Soluble reactive phosphorus has shown varying trends, increasing significantly overall since 1980, 

rising and falling between 93 mg m-3 and 54 mg m-3 since 2000 (Elliot, McElarney & Allen, 2015). 
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Nitrate concentrations have declined, fluctuating between 440 mg m-3 and 220 mg m-3 (Elliott, 

McElarney & Allen, 2015).   

References are made in the 1960s and 1970s to large quantities of sewage waste and industrial 

effluent entering Kinnego Bay via the River Flush from the nearby town Lurgan (Jones, 1977). 

Although at the time no analysis was made, the ammonium-nitrogen and high nitrogen levels were 

assumed the cause of algal growth and dangerously high loadings of phosphorus observed in the 

bay (Jones, 1977). Municipal effluents are a source of endocrine disrupting chemicals that can 

reduce mussel male fertility (Quinn et al, 2004). It is possible that much of the nutrients washed in 

to Kinnego bay are still locked up within the shallow, sheltered, muddy bay. Research by Muqi and 

Wood (1994) in 1992 found that Kinnego bay was organically polluted (33 mg l-1 BOD5 & 98.5 mg 

l-1 COD) and highly enriched by ammonia (up to 11.10 mg l-1 NO3), nitrate (up to 2.45 mg l-1 NH3) 

and total phosphate (up to 0.31 mg l-1 PO4). However conditions in Kinnego Bay have improved, 

Macintosh (2005) reported an ammonia concentration of 0.03 mg l-1. Above threshold pH values 

7.3 and concentrations of calcium ion 28.3 mg l-1 Dreissena abundance is negatively related to 

concentration of the algal nutrients PO4 and NO3 (Ramcharan, Padilla, & Dodson, 1992). Lough 

Neagh has pH values above 7.3 (Muqi & Wood, 1994), calcium ion concentrations above 28.3 mg 

l-1 (Rippey, 1993) and high concentrations of algal nutrients (Muqi & Wood, 1994). In Kinnego 

Bay pH displays significant differences across month, but not across year or site, the change in pH 

is in response to seasonal phytoplankton abundance (Macintosh, 2005).   

High lake concentrations of forms of nitrogen (i.e. T-NH3 and NH3) were found to cause toxic 

effects on early life stages of D. polymorpha (Spada, 2002). Despite a regular supply of D. 

polymorpha veligers to Onondaga Lake (New York, USA), veliger concentrations and near shore 

adult abundances remained low (Spada, 2002). Summer concentrations of total ammonia (T-HN3) 

~2 mg l-1 and free ammonia (NH3) 0.05 mg l-1 in Onondaga Lake were enough to prevent 

development of dense zebra mussel populations in the lake (Spada, 2002). The high levels of 

Nitrogen found in Kinnego bay in 1992 may still be present, if so based on the research findings in 

Onondaga Lake these Nitrogen levels are a definite cause for low larval recruitment in and around 

Kinnego bay (Muqi & Wood, 1994).  

Kovalenko et al, (2017) concluded that pelagic phytoplankton community responses to water 

nutrient concentrations cannot accurately be estimated solely from large-scale nutrient loading data. 

This is due to seasonal effect of dreissenids, lake-specific retention time and long-term 

accumulation of nutrients (Kovalenko et al, 2017). Now that Dressenids are present and established 

in Lough Neagh this is important to consider for future studies of nutrient loading in Lough Neagh.  
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3.4.7 Phytoplankton, lipid content and fatty acids 

 

D. polymorpha can respond to the elemental composition of the food they consume and change 

their tissue C:P and N:P ratios (nutrient stoichiometry) to survive stoichiometric constraints in the 

available food (Naddafi, Eklöv & Pettersson, 2009). Food quality and quantity can explain nutrient 

stoichiometry of D. polymorpha (Naddafi, Eklöv & Pettersson, 2009). Lipids are stored during 

gametogenesis, highest levels occur in April and are lost during spawning, lowest levels occur in 

September. Fatty acids play a key role in bivalve development particularly in reproduction and 

membrane functioning (Lazzara et al, 2012). As zebra mussels are unable to synthesis particular 

fatty acids required they rely on their diet for uptake of the necessary fatty acids (Wacker & Kraffe, 

2010). Eutrophic lakes dominated by cyanobacteria like Lough Neagh are poor in the 

polyunsaturated fatty acids required by mussels (Wacker & Kraffe, 2010). As a consequence the 

spread of this invasive species may be limited by food quality caused as a result of trophic state 

(Wacker & Kraffe, 2010).  

There is limited knowledge on the feeding behaviour of the D. polymorpha pelagic phase, D. 

polymorpha larvae require food rich in long chained polyunsaturated-fatty-acid, eicosapentaenoic 

acid and docosahexaenoic acid (Vanderploeg et al. 1996).  Larvae are no different in their 

requirement for suitable fatty acids, larvae are often present in the water column in summer months 

when blooms of green algae and cyanobacteria are at their height, resulting in bio-chemical mineral 

limitations that could have fatal consequences (Wacker, 2010). Detailed nutrient stoichiometry 

study of mussels and local water conditions would be necessary before a reasonable conclusion for 

Lough Neagh could be formed. Mussels and water samples were collected but funding was not 

available.  

3.4.8 Parasitism 

 

The parasites of D. polymorpha are relatively well documented, their location pathogenicity and 

distinguishing morphological features (Lauruelle et al, 1999; Lauruelle et al 2002; Mingues et al, 

2011).  Some parasites damage the health of mussel hosts causing castration, some parasites cause 

damage to the epithelium of organs such as gills, gonads, whilst other parasites feed on blood cells 

and hemolymph (Laurelle et al, 2002). Although the role of bacteria in D. polymorpha is not fully 

understood, bacteria have been observed playing a role in the increase of respiration rates, lipid 

content, total weight and clearance rate (Frischer, 2000). Histological analysis is necessary for a 

thorough examination of parasites within a mussel to properly understand the location and likely 

impact of the parasite on the mussel (Laurelle et al, 2002). However using an ethanol wash it is 

possible to count the presence of Conchophthirus acuminatus in D. polymorpha. 
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It is possible that the Lough Erne Manor House Marina is a potential source location for D. 

polymorpha in Lough Neagh.  Mussels in the Erne system at this site are thought to have originated 

from the Shannon System. There is no waterway connection between Lough Erne and Lough 

Neagh. If Lough Erne mussels and Kinnego mussels were indeed related, it would be quite likely 

that they were transported by overland movement of boat or equipment between Manor House 

Marina Lough Erne and Kinnego Marina, Lough Neagh. Kinnego Marina is thought to be the first 

point of invasion for Lough Neagh and its tributaries. The Lower Bann at Toomebridge is the only 

river outlet from Lough Neagh, the source of mussels found at this site is unknown. Yet their 

suspected origin would be a mussel population in Lough Neagh. Ballinrees Reservoir near 

Coleranie is supplied by water from the Lower Bann, the source of mussels to this site is unknown. 

Mussels and or mussel larvae could have been introduced to Ballinrees Reservoir; accidentally on 

fishing gear or dive equipment, intentionally, or by passive larval transport in the water of the River 

Bann. It is also possible that a ship from sea in the lower reaches of the Lower Bann introduced 

mussel larvae from elsewhere, e.g. through ballastwater exchange. However this is very unlikly as 

the pumping station for Ballinrees Reservoir is above the cuts lock, so larger seagoing vessels such 

as the scrap metal transport could not reach this point. 

The commensal ciliate C. acuminatus was found in D. polymorpha at only two of four study sites 

analysed for parasitic content (table 3.6). C. acuminatus spread to other zebra mussels in the waters 

surrounding their host, possibly during mass dispersal events which coincide with juvenile mussel 

settlement (Karatayev et al., 2000). Dreissenid veliger larvae do not host ciliates, the presence of 

C. acuminatus is particularly interesting because it is host specific, therefore does not naturally 

occur in Ireland (Burlakova et al, 2006). The Neagh Bann catchment is not connected to the Erne 

System or any other system with known D. polymorpha populations. The presence of C. acuminatus 

in Lough Neagh indicates that D. polymorpha arrived to the lough as adult mussels not as veliger 

larvae.  

The phylogenetic trees of DNA sequences from mussels across all four sites Lough Erne, Kinnego 

Bay, Toomebridge and Ballinrees Reservoir showed no clear cluster of samples therefore little 

difference between the four sites (fig. 3.14 a and b). With no clear difference between the DNA of 

mussels from Lough Erne and the other three sites in the Neagh Bann catchment it seems likely that 

mussel for Lough Erne were introduced to the Neagh Bann catchment. With the presence of ciliates 

in mussels in Kinnego Marina it seems likely that mussels were introduced to Lough Neagh from 

Lough Erne as adults.  

However in the lower reaches of the Neagh Bann catchment C. acuminatus were not found at the 

other two sites Toomebridge and Ballinrees Reservoir. This suggests that D. polymorpha arrived in 

at these sites as larvae. With the similarity in DNA phylogeny it is likely that these larvae were 
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sourced from mussel populations in Lough Neagh. In the case of Ballinrees Reservoir larvae could 

have been pumped up from the Lower River Bann or possibly introduced through maintenance of 

the water treatment works or from fishing gear. C. acuminatus concentrations increase with 

increased trophic conditions, higher trophic levels often results in larger mussels thus an increased 

carrying capacity, higher trophic conditions increase reproductive potential of C. acuminatus 

(Mastitsky, 2012). Therefore high numbers of C. acuminatus should be present in the Neagh Bann 

catchment, alternatively the reservoir and Lower Bann conditions may not be suitable for C. 

acuminatus survival.  These observations could be used to infer that the larval life history of D. 

polymorpha appears beneficial as the larvae can migrate outside the range of parasite host 

infections, this may give them a head start during colonisations of new waterbodies.  

3.4.9 Competition for resources: Daphnia competition for calcium and food 

 

With shells of CaCO3 dreissenid sp. require calcium for their survival. Uptake of calcium from 

dreissenid mussel populations can reduce the calcium content in the water column and as a 

consequence the alkalinity (Barbiero, Tuchman & Millard, 2006). Although there are cases of 

mussels surviving below 4 mg l-1 of calcium, 15 mg l-1 of calcium is required for successful 

reproduction and is generally accepted as a threshold level (McMahon, 1996). Good mussel survival 

and growth for all life stages occurs between 20 and 28 mg l-1 of calcium (Cohen & Weinstein, 

2001). Lower limit for occurrence and lower limit for large populations of D. polymorpha in 76 

lakes in Europe is 28.3 mg l-1 of calcium (Ramcharan et al, 1992). Annual Calcium concentrations 

in Lough Neagh ranged from 28.3 to 34.2 mg l-1 of calcium between 1973 and 1979 meeting the 

requirements for survival and growth of all life stages (Rippey, 1993). 

All Daphnia have high calcium content (0.8% to 8% dry weight) compared to copepod and non-

daphniid cladocera (0.1 to 0.4% dry weight) (Jeziorski & Yan, 2006; Wærvågen et al., 2002). 

Specifically in Daphniids calcium content increases with increased body size (Wærvågen, Rukke 

& Hessen, 2002). Three species of Daphnia are found in Lough Neagh, historically Daphnia pulex 

has been unusually dominant in the zooplankton of Kinnego Bay, D. pulex were still dominant in 

Kinnego bay (fig. 3.19) during this study when counting zooplankton along with the larval samples 

(Wood & Smith, 1993). The numbers of Daphnia spp. in Lough Neagh have declined slightly since 

the 1980’s (McElarney et al, 2015). For survival, reproduction and natural increase D. pulex require 

a minimum of 1.5 mg l-1 of calcium, D. pulex can thrive well below the threshold of 15 mg l-1 of 

calcium required by D. polymorpha (Ashford & Yan, 2008). Is may therefore be possible that large 

D. pulex populations in Kinnego Bay inhibit D. polymorpha survival and fertility though calcium 

limitation. 
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Daphnia pulex can suppress copepod and rotifer zooplankton communities in both enriched and 

unenriched conditions. When introduced to two lakes in an experimental trial, D. pulex quickly 

attained a higher population abundance than resident zooplankton, subsequently altered the 

resource base resulting in a competitive reduction of resident zooplankton (Vanni, 1986). As noted 

above D. pulex are dominant in Kinnego bay it is therefore possible that large D. pulex population 

in Kinnego Bay inhibit D. polymorpha survival though food and or nutrient limitation.   

3.4.10 Predation: Copepods 

 

Zebra mussels do siphon in their own veliger larvae however the number of larvae that survive 

ingestion is not known so the full extent of cannibalism is difficult to quantify (Molloy et al, 1997). 

It is unlikely that the cause for low larval numbers during this study were a result of cannibalism, 

however predation of larvae by other zooplankton within the lough may not be so unreasonable. 

It is possible that predation of D. polmorpha larvae by copepods has limited their invasion of Lough 

Neagh. A European laboratory study on two species of copepod (Mesocyclops leuckartii (Claus) 

and Mesocyclops oithonoides (Sars)) from lakes in northern Poland found that copepod can 

consume large numbers of newly hatched (trocophore staged) D. polymorpha larvae (Karabin, 

1978). An American laboratory study using three species of copepod (Diaptomus sicilis, 

Limnocalanus macrurus and Epischura lacustris) from the Great Lakes also found that copepod 

predated upon D. polymorpha larvae, some species even preferring larvae to algae (Liebig & 

Vanderploeg, 1995). Highest clearance rates for trocophore larvae reaching 55.8 ml animal-1 day-1 

and highest clearance rates for D-stage larvae reaching 17.9 ml animal-1 day-1 (Liebig & 

Vanderploeg, 1995). Higher clearance rates for trocophore larvae (pre shell) showed the importance 

of early shell development for larval survival as the shell provides protection from zooplankton 

predation (Liebig & Vanderploeg, 1995). No further work appears to have been done to quantify 

the effects of copepod predation on D. polymorpha larvae. This may be because the trocophore 

stage is particularly hard to see or because there is some controversy determining between mussel 

larvae and lipid particles.  

There are three species of copepod present in Lough Neagh; Cyclops abyssorum abyssorum (Sars 

G.O., 1863), Cyclops vicinus (Ulyanin, 1875), Eudiaptomus gracilis (Sars G.O., 1863) (Wood & 

Smith, 1993). Cyclops abyssorum are the most abundant species in Lough Neagh, they also predate 

on ciliates (Wood & Smith, 1993). Both Cyclops spp. and E. gracilis have shown large population 

increase, both during spring months and in total number over the decade between 2004 and 2012, 

it was thought both increases were tied to increase in water temperature (McElarney et al, 2015). 

Copepod were collected in the same samples as larvae and their abundance at each site from 2015 

to 2017 can be seen in figure 3.20. During larval collections D. polymorpha larval like shapes with 
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Maltese crosses under cross polarised light were observed inside copepod. Although similar the 

shapes were completely spherical in shape not D shaped like mussel larvae. These larval like shapes 

with Maltese crosses were observed within copepod during the winter months, outside the natural 

observed D. polymorpha larval season. Whilst predation cannot be ruled out these shapes were 

thought to be spherocrystals. 

Spherocrystals within copepod which appear with Maltese crosses under cross polarized light are 

made of different lipid substances (Wolman, 1975). Marine herbivorous copepod convert lipid-poor 

phytoplankton in to lipid deposits during short phytoplankton blooms especially in northern colder 

waters (Kattner et al, 2007; Lee, Hagen & Kattner, 2006). Within the prosome of copepod large oil 

sacs develop, these contain lipids mostly in the form of wax esters (Lee, Hagen & Kattner, 2006). 

These wax esters aid buoyancy and act as long-term energy deposits used during reproduction, food 

scarcity, ontogeny and diapause (Kattner et al, 2007; Lee, Hagen & Kattner, 2006). In some cases 

oil droplets form containing lipids in the form of both wax esters and triacylglycerols. 

Triacylglycerols serve as energy stores for rapid use. Within copepod gonads eggs form, containing 

both lipid droplets (made from wax esters and triacylglycerols) and lipovitellin (made of peptides, 

phospholipids and cholesterol) (Lee, Hagen & Kattner, 2006). These other studies highlight that 

there are a range of lipid substances within copepod that can be confused with D. polymorpha larvae 

when viewed under cross-polarised light. For a clear guide to differentiate between spherocrystals 

and D. polymorpha larvae see the comments for figure 3.2 in methods section of this study. 

 

3.4.11 Conclusions 

 

Most of these D. polymorpha population inhibitors that identified are unlikely to change in the near 

future.  

The sudden large population increase in Kinnego Bay, in 2017, suggests that there is still potential 

for further population increase. From snorkelling observations there were many hard surfaces still 

not colonised by D. polymorpha at the shoreline sites. It is not clear if D. polymorpha can continue 

to expand their range and cover all suitable hard surfaces across Lough Neagh, the Lower Bann and 

Ballinrees Reservoir. The D. polymorpha population may expand up river into tributaries that 

supply Lough Neagh. The D. polymorpha populations may currently be large enough to have a 

significant effect on the trophic status and health of Kinnego Bay or even the open lough.  

The population of D. polymorpha within the Neagh Bann catchment must continue to be monitored 

with a focus on identifying populations in the open lough. 
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Chapter 4 M. margaritifera glochidial survival on salmonids in the Ballinderry River  

 

Abstract 

  

Salmonids from the Ballinderry River (Northern Ireland) were exposed to glochidiosis by 

freshwater pearl mussels (Margaritifera margaritifera) under semi-natural hatchery conditions. 

Genetically distinct pearl mussel populations from the Upper and Lower regions of the Ballinderry 

river both displayed glochidial host preference for River trout (Salmo trutta) notably Dollaghan. 

No Ballinderry pearl mussel glochidia survived the parasitic life stage on Atlantic Salmon (Salmo 

salar). The same host preference was found when hatchery trials from 2017 were compared with 

observations from salmonid gills caught by electrofishing in the Ballinderry River in 2016. 

 

Closer inspection of Salmo trutta gills showed that older fish (1+ and 2+) although less susceptible 

to glochidial encystment than juvenile (0+) fish can carry greater encystment loads. Glochidial 

encystment intensity was observed in the same live fish through the entire parasitic stage. The 

intentisy of encysted glochidia declined throughout the parasitic phase between encystment and 

excystment. Historically the estimated time for glochidial parasitic phase from encystment to 

excystment was 350 days: by day 337 all glochidia had excysted from host fish during captive bred 

trials.  

 

In the Ballinderry River Salmo trutta with Dollaghan trout characteristics are the key host for M. 

margaritifera glochidia. These trout are endemic to parts of the Neagh Bann catchment, careful 

management of trout within the Neagh Bann catchment is imperative to the future survival of M. 

margaritifera within the Ballinderry River. Margaritifera margaritifera glochidial fish host 

preference varies at a tributary level, it is therefore essential that fisheries management policy 

change conducts risk assessments at a tributary level, not a catchment scale, in order to make good 

conservation and policy choices. 
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4.1 Introduction 

 

4.1.1 Glochidial life history of M. margaritifera 

 

The life history of M. margaritifera is a risky one with high potential for mortality at each stage. 

Pearl mussels are normally dioecious, individuals are either male or female (Ziuganov et al, 1994); 

however, hermaphroditism has been recorded within the females of the species under low 

population densities (Bauer, 1987a). Pearl mussels usually mature at an age between 10 and 15 

years, when they have reached a length of approximately 50 to 70 mm (Larsen, 2005). Spermatozoa 

and ovocytes in the gonads of parent mussels mature during the spring-summer time (Ziuganov et 

al, 1994). Males release spermatozoa through the exhalent siphon into the water column, the 

aggregate of sperm is carried downstream and enters female mussels through the inhalent siphon; 

spermatozoa are transported to the gills where the eggs are fertilised (Ziuganov et al, 1994).  

Females carry the brood of pearl mussel larvae on all four marsupial demibranchs. The embryos 

develop larval shell, mantle and larval adductor and become glochidia (Loff, 1962). Their 

development varies from weeks to months depending on environmental variables (Ziuganov et al, 

1994). 

 

As obligate parasites, glochidia of the pearl mussel must metamorphose on the gills of suitable host 

fish or perish. Margaritifera margaritifera larvae called glochidia encyst to the gills of host fish in 

a process known as glochidiosis (Karna & Millemann, 1978; Meyers & Millemann, 1977). Gravid 

mussel discharge mature glochidia from their gills into the water column through the exhalent 

siphon. Glochidia are dispersed passively by water currents until they pass over the gills of a host 

fish. There is an estimated 99.9 % loss of glochidia between release from the parent mussel and 

attachment to a host fish (Young & Williams, 1984). Margaritifera margaritifera glochidia are 

hookless. Physical contact against the sensitive inner-valve membrane triggers the glochidial valves 

to clamp shut, valves open and close until they come into contact with a fish. If they are to survive 

they must clamp shut on the fish gill epithelial tissue and they only have a short window of 

opportunity, as within hours to 6 days all glochidia not attached will have perished (Nezlin et al, 

1994; Young & Williams, 1984 b; Ziuganov et al, 1994). Attachment of glochidia is not species 

specific, they may attach to any fish species; however, for successful metamorphosis they must 

attach to their specific host (Ziuganov et al, 1994). After successful attachment to a suitable host, 

presumably a chemical trigger from the glochidium initiates the growth or immune response of gill 

filaments. As a result the glochidium is soon surrounded by the branchial epithelium of the host 

fish gills forming a capsule or cyst (Ziuganov et al, 1994). Complete encystment requires the 

glochidium to be fully enveloped by fish gill epithelial tissue; this process only takes a few hours. 
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Nezlin et al (1994) noted that in the absence of gill epithelial reaction after attachment the glochidia 

fell off after a few days.  

 

In Europe salmonids S. salar and S. trutta are not the only suitable native hosts but they are also 

highly susceptible hosts to M. margaritifera encystment (Young & Williams, 1984; Ziuganov et al, 

1994). Glochidia initially attach to fish species other than Salmonids, however they only survive 

and develop on a particular host species; host preference has been observed where one salmonid 

species within a river or stream system is favoured over another (Young & Williams, 1984b). 

Initially based on surveys in Northern Ireland and Donegal, it was thought that Brown trout (S. 

trutta) were the main host for glochidial encystment in the island of Ireland (Beasley, 1996). 

However later studies have shown that rivers on the Island of Ireland can have mainly trout, mainly 

salmon or both as hosts (Johnston & Moorkens, 2018; Paul Johnston Associates, 2012 & Reid et 

al., 2013). In the Ballinderry River it appears that pearl mussel glochida can use salmon and trout 

in the wild (Reid et al., 2013). Captive rearing projects have found that the availability of fish in 

the close proximity of laboratory/hatchery conditions may override host preference, glochidial 

encystment being much higher for resident brown trout than for migratory Atlantic Salmon 

(Johnston & Moorkens, 2018; Thomas, 2011). In the wild the preferential use of one host fish 

species over another may relate to the way host fish use the river (Johnston & Moorkens, 2018). 

  

An estimated 90 to 95 % of glochidia are lost during metamorphosis on the host fish (Young & 

Williams, 1984; Hastie & Young, 2001). Estimates for the time taken for glochidia to 

metamorphose on fish gills range up to 10 months (Ziuganov et al, 1994). Much about this life 

cycle stage remains unknown, particularly the chemical exchange between glochidium and host 

fish and the variables that affect glochidial development. There are data on glochidial growth; 

during encystment successful glochidia grow from approximately 0.05 mm to 0.4 mm and develop 

into juvenile mussels (Bauer, 1987c; Ziuganov et al, 1994). Cyst formation is very quick, hence 

early studies considered the impact of glochidiosis to be of negligible impact on hosts survival and 

health with perceived mutual long-term benefits through the environmental services provided by 

pearl mussels to the river environment (Nezlin et al, 1994). However, recent evidence from data on 

shifts in stable-isotope signatures from host fish to glochidia now suggest unionoidean glochidia to 

be true parasites that obtain nutrition from their hosts during metamorphosis (Fritts et al, 2013). 

This however does not stop glochidia being mutually beneficial to fish hosts. 

 

Mussels that excyst and drop of their host fish bury into the suitable river bed substrata and develop 

in to adult mussels (Young & Williams, 1984a; Ziuganov et al, 1994). There is an estimated 95 % 

loss of juvenile mussels between leaving their host fish and becoming successfully established in a 

suitable substrate (Young & Williams, 1984). Until recently little was known either about the 
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juvenile life history and behaviour in the wild due to their small size and scarcity. Lavictoire et al., 

(2018) describes three developmental stages from the study of 117 juvenile freshwater pearl 

mussels from 1 to 44 months post excystment, with shell lengths ranging from 0.49 to 8.90 mm.  

 

 

4.1.2 M. margaritifera in the Ballinderry River 

 

Within the Northern Ireland distribution only three substantial populations remain, in the Cladagh 

(Swanlinbar) River, the Owenkillew River and the Upper Ballinderry River (DAERA Biodiversity, 

2005). There are two genetically distinct populations of pearl mussel within the Ballinderry River 

(Fig. 4.1), a larger population in the Upper Ballinderry above a weir named Bells rock and a smaller 

population located near the mouth of the Ballinderry (Kyle, 2016). Allelic richness (AR) ranged 

from 4.007 in the lower Ballinderry to 5.889 in the upper Ballinderry, population differentiation 

overall was low, less than 3 % of the total variation occurring between populations (FST = 0.029).  

Kyle (2016) was interested in divergence between the two groups and found their genetic 

divergence had not reached an extent that would prevent captive rearing programs from pooling 

broodstock of both populations, in order to reduce inbreeding. The cause for the observed genetic 

difference between the Ballinderry populations is not clear. A study in Norway compared intra 

population diversity between mussel groups relying on different hosts and found that host affiliation 

explained genetic differentiation not geographic location. Trout mussel populations had lower 

allelic richness (Ar trout 2.252, salmon 4.667) and greater genetic differentiation (FST within 

populations of trout 0.332, within populations of salmon 0.023) than salmon mussel populations 

(Karlsson et al., 2014). Through investigation of the genetic structure of pearl mussel popluations 

in Ireland Geist et al., (2018) identified two main conservation units of pearl mussel in Ireland: a 

mostly salmon‐dependent western cluster and a trout‐dependent central–eastern cluster. Geist et al., 

(2018) recommended that the central–eastern populations would be best managed by captive 

breeding and augmentation, to prevent any further erosion of their genetic variability. Both trout 

and salmon are present in the Ballinderry River catchment and the glochidial host preference for 

the two genetically distinct pearl mussel groups had not yet been rigorously tested. Would both 

genetic groups display the same glochidial host preference or could a difference in preference be 

connected to genetic differentiation of pearl mussels in the Ballinderry River?  
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Figure 4.1. Extracted from Kyle et al (2016), map showing the extent of upper and Lower 

Ballinderry M. margaritifera populations (in red), “Bells Rock” weir which divides the two 

populations. The location of the Ballinderry Rivers Trust breeding centre on the Gortin water has 

been added. 

 

 

 

This aim of this study was to identify the glochidial host preference of the two genetically distinct 

populations of pearl mussel within the Ballinderry River. 

 

Objectives of this study 

4.1.  To investigate if Lower Ballinderry mussel glochidia encysted age 0+ Salmo salar and age 

0+ Salmo trutta in captivity. 

4.2.  To investigate if Upper Ballinderry mussel glochidia encysted age 0+ and 1+ Salmo salar 

and Salmo trutta 0+, 1+ and 2+ cohorts in captivity. 

4.3.  To test for differences in density and duration of glochidial gill encystement between the 

Salmo salar and Salmo trutta and individual cohorts of these species in captivity. 

4.4.  To observe if Salmo trutta which had remained unencysted in spite of exposure to Upper 

Ballinderry glochidia at age 0+ became encysted when re-exposed age 1+ in captivity. 

Ballinderry Rivers Trust 

breeding centre on the 

Gortin Water 
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4.2 Materials and methods 

 

4.2.1 Ballinderry River natural glochidia count - River data 

 

The team at Ballinderry Rivers Trust (BRT) has conducted fully quantitative electrofishing surveys 

in Autumn 2016 in freshwater pearl mussel SAC/ASSI rivers of Northern Ireland. In 2016 such a 

survey was conducted in the Ballinderry River. All recovered specimens of S. salar and S. trutta 

were measured for total length and their gills were checked for the presence of glochidia. Total 

lengths of salmonid fish were plotted for the determination of age classes by length profiles. The 

number of salmonids and the percentage of individuals encysted by glochidia were recorded for 

comparison with the hatchery encystment trials. The survey found that 27.5 % of trout caught were 

encysted with glochidia but in low quantities for the majority of fish and that no salmon caught 

were encysted. No survey has yet been taken place in the Ballinderry to investigate glochidial host 

fish preference and glochidial survival in Ballinderry River pearl mussel populations. 

 

4.2.2 Experimental site 

 

The Ballinderry River is one of 13 tributaries on the western shore of Lough Neagh. The Gortin 

Water is a tributary of the Ballinderry River, classified as having an overall ‘Moderate Ecological 

Status’ in 2009. Some of the Gortin Water is abstracted to provide water for the breeding program 

Ballinderry Rivers Trust breeding centre (fig. 4.2 to 4.4). For this study the diverted water 

simultaneously fed three separate M. margaritifera encystment trials. In each trial, water passed 

through circular plastic tanks containing M. margaritifera broodstock which was buried in river 

gravel. The plastic barrel shaped tanks were previously unused barrel shaped oil tanks, approx. 

1000 L, made from HDPE. The majority of each plastic tank was filled with river stones and gravels, 

the top 10 cm of the barrel was free from stones, each tank was filled with water to the brim. Water 

flowed in from the side of each plastic tank and rotated around the barrel shaped tank across the 

mussels half buried in the stones and down through a pipe in the centre. Downstream of these mussel 

tanks the water passed through fish tanks before being returned to the Gortin Water. The majority 

of the fish tanks used in the trials were 300 cm x 30 cm x 30 cm, made of aluminium, water depth 

was kept at 15 cm, water entered the tanks at one end ran the length and exited at the other. Other 

larger fish tanks for older fish 1+, 2+ trout and River Bush 0+ salmon encystments were made of 

either HDPE or aluminium approx. 1000 to 2000L, water entered these tanks from the side and 

drained in the centre. 
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4.2.3 Species selection for hatchery trials 

 

For conservation purposes M. margaritifera have been collected from the Ballinderry River and are 

kept as brood stock in the River trust breeding centre. The current breeding programme involves 

200 adult mussels from the Upper Ballinderry River (above Bells Rock weir) and 24 from the Lower 

Ballinderry River near the river mouth. Guidelines suggest that captive breeding requires a 

minimum of 50 individuals to maintain a level of heterozygosity equivalent to the source population 

(Allendorf & Luikart, 2007). Kyle et al (2016), have previously recorded high inbreeding in Upper 

Ballinderry mussels and hatchery broodstock. In reaction to these findings M. margaritifera from 

the upper the Ballinderry River have since been bred in large groups of 100 mussels to reduce 

inbreeding. As M. margaritifera from the Lower Ballinderry are genetically distinct from 

populations in the upper Ballinderry the two groups were not interbred during this study. Since only 

24 M. margaritifera from the lower Ballinderry are kept at the breeding centre, these were pooled 

together as a single breeding group. Mussels were kept buried in gravel in large circular plastic 

tanks. Regular visual observations made every day to record the date when mussel spawning and 

glochidial release occured. In Scottish wild populations annual spawning usually occurs in June to 

July, glochidial release usually occurs from July to September (Hastie & Young, 2003). In the BRT 

breeding centre spawning (oviposition) events took place on the 24/6/16 and 3/7/16 for upper 

Ballinderry M. margaritifera and on the 27/7/16 for lower Ballinderry M. margaritifera.  In the 

BRT breeding centre spat (glochidial release) events took place on the 27/7/16 and 3/7/17 for upper 

Ballinderry M. margaritifera and on the 14/8/16 and 5/7/17 for lower Ballinderry M. margaritifera. 

 

Mature individuals of wild brown trout (Salmo trutta), with distinct morphological Dollaghan (see 

appendix 3) characteristics (as described in Crozier & Ferguson 1986), were caught from the 

Ballinderry River, manually stripped and fertilised in the Ballinderry Rivers Trust breeding centre. 

Although not genetically verified all M. margaritifera interactions with Salmo trutta in this study 

were with trout displaying distinct morphological Dollaghan characteriscs. Brown trout (Salmo 

trutta) a European salmonid fish are a highly polymorphic species, the Dollaghan is a Salmo trutta 

variant endemic to Lough Neagh and its tributaries. Potamodromous lacustrine Dollaghan spend 

their adult life in the Lough and return to feeder tributaries of the Lough for spawning (Crozier, 

1983). Initial genetic investigations had suggested there were two genetically distinct trout lineages, 

Dollaghan and Salmon trout, breeding in different rivers of the Lough Neagh system (Crozier & 

Ferguson 1986; 1993). However, a 2015 report to The Department of Culture Art and Leisure 

website (DCAL) by Keenan & Prodohl rejected this interpretation and concluded instead that the 

indigenous trout has maintained a significant level of natural population structuring despite a risk 

of genetic homogenisation by stocking regimes within the Neagh Bann catchment. Genetic 
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divergence between and within assessed trout populations in the Neagh Bann tributaries was mostly 

attributed to geographic distance. Hence there is currently no genetic evidence to support that the 

Dollaghan trout represents a distinct genetic lineage. Trout phenotypes classified as Dollaghan are 

common in genetically distinct trout river populations like the Sixmile Water and the River Main 

(Keenan & Prodohl, 2015).  Dollaghan are possibly a case study of alternative phenotypes whilst 

not entirely genetic distinct from other trout populations they may have arisen as a result of 

developmental plasticity. For example within trout populations in the Neagh Bann region subject 

to developmental plasticity, alternative phenotypes have resulted in different developmental routes 

based on local abiotic and biotic conditions and selection pressures (Garduno Paz, 2009). 

Wild catches of Atlantic salmon (Salmo salar) from the Ballinderry River, were manually stripped 

and fertilised in the Ballinderry Rivers Trust breeding centre. Several genetically distinct Atlantic 

salmon populations have been identified in the Lough Neagh basin and its individual tributaries. 

Together they form a unique lineage within the European North Atlantic salmon, with clear genetic 

divergence from salmon in other catchments of Northern Ireland and the remaining UK (Ensing et 

al., 2013).  

Glochidia have been observed on S. salar gills in the Owenkillew River in the upper Foyle 

catchment (separated from the Ballinderry catchment by the Sperrin Mountains). Unable to obtain 

S. salar from the upper Foyle catchment to see if glochidia from the Ballinderry would attach, S. 

salar from the River Bush (Bush and Glens catchment) were obtained and exposed to Ballinderry 

glochidia. Salmon from the Bann/Lough Neagh catchment are reproductively isolated from the 

River Bush in Northern Ireland (Ensing et al., 2013). For a comparative trial 500 salmon fry were 

obtained from the River Bush Salmon Station. In keeping with the Williamsburgh Declaration 

NASCO 2003 for the preservation of genetic varieties of North Atlantic salmon, tight biosecurity 

precautions ensured that none of these salmon escaped from the hatchery. When gill examinations 

by hand confirmed that not a single Bush salmon fry had become encysted with glochidia, fry were 

returned to the River Bush Salmon Station. 

 

4.2.4 Encystment trial layout  

 

In June 2016 three experimental trials were set up (Fig. 4.2). Trial 1 involved a broodstock of twenty 

four Lower Ballinderry mussels. Water from this broodstock flowed into three tanks with 0+ fry, 

each containing a mix of 440 Atlantic salmon and 440 Dollaghan trout. The layout of trial 2 was 

identical, except that the broodstock consisted of 100 Upper Ballinderry mussels. In trial 3 

broodstock also consisted of 100 upper Ballinderry mussels, but each of the downstream fish tanks 

contained 70 Dollaghan trout aged 1+ that had been exposed to glochidia in the previous year  but 

had remained unencysted. In August/September 2016 the layout was adjusted, the number of fish 
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in the long tanks was thinned down to hold only those fish that were to be examined weekly for 

glochidia. Further reasoning can be found in section 4.2.5 (Fig. 4.3). 

 

In June 2017 the same encystment trials were repeated (Fig. 4.4). Additional fish tanks re-exposed 

1+ and 2+ S. trutta to glochidial encystment. 1+ S. salar although expected to migrate from the 

river during the year were re-exposed to glochidial encystment to confirm that this species was not 

acting as a sink by carrying glochidia away from the river. 500 0+ S. salar from the Bush River 

were also exposed to glochidial encystment to test if genetically distant S. salar from another river 

would act as hosts. 
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Figure 4.2. Tank set-up for June/July/August 2016 
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Ballinderry 

100 
Mussels 
Upper 

Ballinderry 

 

 

 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

440 Atlantic salmon fry and 440 Dollaghan trout fry, all fry aged 0+ 

70 Dollaghan trout aged 1+ that were exposed to glochidia last year but 

remained unencysted 

70 Dollaghan trout aged 1+ that were exposed to glochidia last year but 

remained unencysted 

 70 Dollaghan trout aged 1+ that were exposed to glochidia last year but 

remained unencysted 
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Water 
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Water 
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to 
Gortin 
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2.  
Water passes through 

mussel broodstock  

3.  
Water then passes through fish tanks carry 

glochidia that have been spat 

5. 
After glochidial encystment 10 

fish of each species were selected 
at random from every tank and 
kept in the species groups, the 

number of encysted glochidia was 
assessed on a weekly basis. All 

other fish were moved to larger 
tanks and kept separate in their 
species and age classes (See fig. 

4.3) 
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Figure 4.3. Tank set-up after glochidial encystment August 2016 
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30 Atlantic salmon fry 0+, 10 fish selected at random from each of the Lower 

Ballinderry tanks, glochidial encystment assessed on a weekly basis 

 
30 Dollaghan trout fry 0+, 10 fish selected at random from each of the 

Lower Ballinderry tanks, glochidial encystment assessed on a weekly basis 

  

30 Dollaghan trout aged 1+, 10 fish selected at random from each of the 

Upper Ballinderry tanks, glochidial encystment assessed on a weekly basis 

 

 

 
All other fish were moved to larger 

tanks and kept separate in their 
species and age classes.  

Glochidia density on the front gills of the fish 
below was recorded in increments of 10 
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Figure 4.4. Tank set-up for June/July 2017 
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4.2.5 Fish selection for glochidial survival trial 

 

In the breeding centre S. trutta grow faster than S. salar. Hence fry of the two species which had 

been together for glochidial encystment were separated in September to avoid S. trutta killing and 

injuring smaller S. salar.  To observe the change in glochidial encystment rate on fish gills, 30 fish 

from each group (0+ Upper Ballinderry S. trutta, 0+ Upper Ballinderry S. salar, 0+ Lower 

Ballinderry S. trutta, 0+ Lower Ballinderry S. salar and 1+ Upper Ballinderry S. trutta) were 

randomly selected. Each of these groups were kept in separate tanks until all glochidia had dropped 

off (fig. 4.3). All other fish were kept in large single species tanks separated according to age 

groups, in order to avoid competition and stress. 

 

 

4.2.6 Method for the glochidia count 

 

Glochidia counting began in October 2016 as glochidia had grown to a size that was easily visible 

without the aid of magnification. An accurate count of glochidia requires fish dissection with a 

removal of gills for an inspection of the entire gill surface. However, this would only have allowed 

for a single count and would have prevented repeated observations of fish response and comparison 

of glochidial survival over time. Therefore, in this study the front right gill of fish was examined 

for glochidia whilst keeping the fish alive. For this examination fish were held up-side down to 

expose their ventral side, while the head was gently pushed back thus uncovering the gills which 

were then investigated under a magnifying glass to quantify visible glochidia. Despite the 

movement of the fish it was possible to approximate the abundance of glochidia on the front gills. 

Glochidia number was recorded in increments of 10 for example, 0, 1-10, 11-20, 21-20 and so forth 

up to the observed maximum 121-130. These front gills were best suited for inspection, as most of 

their whole surface could be viewed without dissection. Fish without visible attachments of 

encysted glochidia were not removed from the trial to ensure that fish density did not change during 

the trial. To calculate density of glochidia on individual fish over time, fish total length and 

glochidial abundance category were recorded every week from October until all glochidia had 

dropped off. The whole stock of available fish was examined in this way. 

 

 

4.2.7 Glochidial size count 

 

Eighteen upper Ballinderry S. trutta that died during the hatchery trials were frozen until they could 

be examined. The fish were thawed, gills removed, glochidia presence was recorded, glochidia 

present were counted and total length measured to the nearest 1 µm. 
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4.2.8 Environmental data and variables 

 

Tanks in the breeding centre were supplied by natural river water; splitting of the inflow and 

simultaneous water distribution to mussel tanks ensured equal water quality in synchronous trials. 

Water entering the hatchery was subject to the same quality fluctuations observed in river water 

due to the hydrological regime and diurnal and seasonal cycles.  Turbidity, temperature and light 

sensors were deployed for logging inflow water quality data, but suffered from repeated failures. 

Due to the difference in stream orders data from another monitoring station on the Lower 

Ballinderry, were not representative of the headwater conditions in the Gortin Water. The study 

took place in the breeding centre under a corrugated metal roof which reduced light levels. The 

centre has open walls and no heating facility. Therefore its air and water temperatures were almost 

identical to those in the ambient Gortin Water Glen. Water velocity in the breeding centre is slower 

than in the Gortin Water due to differences in slope, as water in the hatchery is moved by gravity 

through a series of tanks. 

 

 

4.2.9 Fish feeding regime 

 

In addition to any natural food entering the tanks with the river water flowing through the hatchery, 

in each tank the diets of fish fry were supplemented with fish feed particularly from March onward 

as spring temperatures warmed the water. Food supplements consisted of Nutra Plus 00/01/02 (0.35 

- 0.6 mm pellets for fish < 0.2 g / 0.6 - 1.0 mm, 0.2 - 1.5 g / 1.0 - 1.7 mm, 1.5 – 6 g), Nutra Parr 5 

(1.8 mm, 5 – 11 g) and Horizon 10 (2.3 mm, 10 – 30 g). Feeding levels were important because 

overfeeding could result in thicker gill filaments than would naturally be found in the wild, thicker 

gill filaments being harder for glochidia to clamp on to during encystment. 

 

 

4.2.10 Choosing gill for glochidia count on live fish 

 

Studies suggest that glochidia settlement on S. salar gills is irregular, this is logical considering the 

random distribution of glochidia in the water column however it is possible that the water flow over 

the gills and or structure of gills may affect the settlement distribution of glochidia (Ziuganov et al, 

1994). Other studies suggest that glochidia attach mostly to the middle section of gills on the central 

part of each gill filament and are more frequent on external gills 1 and 4 compared with middle gills 

2 and 3 (Young & Williams, 1984b). The easiest gills to count the glochidia on a live fish are the 

first gills, to determine if there was a statistical difference between the number of glochidia on the 
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first gill compared with successive gills the Ballinderry River Trusts unpublished records were 

examined. 211 0+ S. trutta that died of natural causes in the breeding centre between 2008 and 2012 

were dissected each gill was removed and examined using a Microfilm Microfiche Reader (Mod. 

100 A, Micro Design Inc). The exact number of glochidia on the first three right gills were carefully 

recorded (see fig. 4.5) by Francis Mitchell (kept on file at BRT - unpublished). The gill data was 

tested for normality using the Kolmogorov-Smirnov test and found to be not normally distributed. 

For data that was not normally distributed, the non-parametric Kruskal-Wallis test was used with a 

significance level of 0.05. The glochidia numbers on the first three gills were not statistically 

significantly different between all groups (H = 0.570, d.f. = 2, P = 0.752). Based on this, only the 

number of glochidia on the front gills of live fish during the trials in this study trials were recorded, 

as this study was confident that the count of glochidia from the front gills were not significantly 

different from the gill encystment densities of gills behinds the front gills.  

 

4.2.11 Data analysis 

 

(Objective 4.1, 4.2, 4.4) Observations of glochidia encystment in all hatchery trials and field data 

were tabulated for easy visual comparison. Despite different broodstock sizes of mussels used to 

encyst the fish, Pearson’s chi-square tests were used to compare sites (upper and lower) and age 

classes (0+, 1+ & 2+) against Ballinderry hatchery trout encystment rates. For significant results a 

Cramer’s V test was used to indicate the strength of the association. 

 

(Objective 4.3) All glochidia density data was checked for normality using the Kolmogorov-

Smirnov test. When using all the categories the arithmetic mean percentage cover of glochidia count 

categories on the front right gill of Upper Ballinderry Dollaghan Trout in November 2017 were not 

normally distributed. A comparison of means values was done using Mann Whitney U test and a 

Kruskal Wallis test was used to test for variance across all samples, test were performed using a 

significance level of 0.05.  

 

(Objective 4.3) After normalisation by conversion to %, Two-sample Kolmogorov-Smirnov tests 

were used to as comparison of pairs of declines without any assumptions, to test whether there were 

differences between the regressions of percentage loss of glochidia over time from the front right 

gill of S. trutta 0+ upper, 1+ upper and 0+ lower Ballinderry river. 
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4.3 Results  

 

4.3.1 Historic BRT record of glochidia 

 

Before proceeding to count the number of glochidia on the first gill of live fish, the BRT historic 

record of glochidia numbers on fish that had died of natural causes in previous years was analysed 

(fig. 4.5). The glochidia numbers on the first three gills were not statistically significantly different 

between all groups (H = 0.570, d.f. = 2, P = 0.752). Therefore in this study only the number of 

glochidia on the front gills of live fish during trials were recorded. 

 

 

Figure 4.5. Frequency graph of the number of glochidia on the first three right gills of the 211 0+ 

S. trutta that died of natural causes in the breeding centre between 2008 and 2012. 

 

 

4.3.2 Ballinderry River electrofishing data  

 

An electrofishing survey conducted by the BRT in autumn 2016 revealed that S. trutta is the host 

species for M. margaritifera in the Ballinderry River (table 4.1). The percentage of 0+ and 2+ trout 

encysted by glochidia were lower in natural river conditions than in the hatchery trials (table 4.2). 

A measure of encystment rate for each fish was not recorded however it was noted that the majority 

of encysted S. trutta were encysted with low quantities of glochidia. 
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Table 4.1. Margaritifera margaritifera glochidial encystment rates observed on salmonids in the 

Upper Ballinderry River. (Objective 4.2, 4.3) 

Date 

checked 

Age Mussel Location Species Total No. 

Fish 

% 

Encysted 

 

2016 All Upper Ballinderry  S. trutta 142 39  

2016 0+ Upper Ballinderry S. trutta 98 26.5  

2016 1+ Upper Ballinderry S. trutta 26 42.3  

2016 2+ Upper Ballinderry S. trutta 18 11.1  

2016 All Upper Ballinderry S. salar 34 0.0  

2016 0+ Upper Ballinderry S. salar 18 0.0  

2016 1+ Upper Ballinderry S. salar 16 0.0  

 

4.3.3 Hatchery trial results  

 

The very low glochidial encystment rates (0 to 1.5%) are suggestive that that S. salar within the 

Ballinderry catchment are not suitable hosts for M. margaritifera glochidia (table 4.2 a). In late 

2016 not a single encystment was observed during gill checks on 1,200 S. salar specimens. In 2017 

only 1.5 % S. salar showed very weak encystment of 1 to 2 glochidia per fish, too low a number to 

ensure a sufficiently high survival rate in this stage of the mussel lifecycle. Furthermore, M. 

margaritifera glochidia only encysted 0.6 % of S. salar from the River Bush; the encystment density 

was 1 to 2 glochidia per fish.  

M. margaritifera from both the upper and lower Ballinderry mussel populations successfully 

encysted host S. trutta (table 4.2 b). Although a comparison between upper and lower Ballinderry 

trout successful encystment rate is not statistically suitable as the number of broodstock pearl 

mussels used were so different. As S. trutta age increased the percentage of successful glochidial 

encystment decreased.  
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Table 4.2. Margaritifera. margaritifera glochidial encystment rates observed on a) Salmo salar 

gills during hatchery trials. b) Salmo trutta (Dollaghan) gills during hatchery trials. Encystment = 

fish that have been encysted with glochidia for the first time, Re-exposure = fish that were exposed 

to glochidial encystment in a previous year but no glochidial encystment was observed (remained 

unencysted) these fish have been re-exposed to encystment this year. Re-encystment = fish that 

have been re-encysted with glochidia having been encysted in a previous year (Objective 4.1, 4.2, 

4.3, 4.4). 

a) Salmo salar 

Date 

checked 

Age Mussel Location Encystment 

Type 

Total No. 

Fish 

% of fish 

Encysted 

Nov 2016 0+ Upper Ballinderry Encystment 600 0.0 

Nov 2016 0+ Lower Ballinderry Encystment 600 0.0 

Oct 2017 0+ Lower Ballinderry Encystment 251 0.4 

Oct 2017 0+ Upper Ballinderry Encystment 263 1.5 

Oct 2017 1+ Upper Ballinderry Re-exposure 144 0.0 

Oct 2017 0+ River Bush Encystment 500 0.6 

 

b) Salmo trutta 

Date 

checked 

Age Mussel Location Encystment Type Total No. 

Fish 

% of fish 

Encysted 

Jan 2017 0+ Upper Ballinderry Encystment 170 79.4 

Jan 2017 0+ Lower Ballinderry Encystment 171 88.9 

Oct 2017 0+ Upper Ballinderry Encystment 705 97.9 

Nov 2017 0+ Lower Ballinderry Encystment 1001 87.6 

Jan 2017 1+ Upper Ballinderry Re- encystment 130 34.6 

Nov 2017 1+ Upper Ballinderry Re- encystment 80 56.3 

Nov 2017 1+ Upper Ballinderry Re-exposure 183 40.4 

Nov 2017 2+ Upper Ballinderry Mixed Re-exposure 

& Re- encystment 

117 30.8 

 

 

There was a significant association between trial (table 4.2b) and encystment rate (χ2 (7) = 746.4, p 

< .001, Cramer’s V 0.540). There was a significant association between site and encystment rate 

(χ2 (1) = 76.4, p < .001, Cramer’s V 0.173).  There was a significant association between age classes 

(0+, 1+ & 2+) and encystment rate (χ2 (2) = 688.3, p < .001, Cramer’s V 0.519). Older fish had a 

lower encystment rate. There was a significant association between two classes (0+ & >1) and 

encystment rate (χ2 (2) = 681.4, p < .001, Cramer’s V 0.519). 
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4.3.4 Hatchery trial results - Glochidia sizes observed on dead fish 

 

Glochidia size was recorded from frozen samples of the 18 S. trutta that had died during the 

hatchery trials (table 4.4). As temperatures increased in spring, fish mortality increased, bacterial 

and fungal infection occurred. Glochidia presence was observed on 8 of the dead fish. The average 

length of glochidia on their gills ranged from 275 to 334 µm. In October glochidia mean length was 

300 µm; however, this was on a 1+ fish. The possibility of a regression between time and glochidia 

length was investigated no correlation was observed. The sample size was too small for relationship 

to be observed between the two variables. These samples were obtained from fish that died naturally 

in the hatchery, sample size was not increased as this would have involved killing fish which were 

carrying glochidia as part of the BRT captive breeding program. 

Table 4.4. Margaritifera margaritifera glochidia average size observed on dead Salmo trutta. 

(Objective 4.3) 

Date Age Group  Encystment 

type 

Average 

glochidia length 

µm 

Number of 

glochidia 

Oct 17 2016 1+ Upper Ballinderry Re-

encystment 

300 2 

Apr 06 2017 0+ Upper Ballinderry Encystment 300 6 

Apr 06 2017 0+ Upper Ballinderry Encystment 350 1 

Apr 06 2017 0+ Upper Ballinderry Encystment 327 57 

Apr 29 2017 0+ Upper Ballinderry Encystment 275 3 

May 18 2017 0+ Lower Ballinderry Encystment 334 11 

June 01 2017 0+ Upper Ballinderry Encystment 333 31 

June 01 2017 0+ Upper Ballinderry Encystment 313 4 

 

 

4.3.5 Hatchery trial results - Gill encystment intensity  

 

Figure 3 shows that 0+ Dollaghan trout carried up to 70 glochidia on the front right gill. Based on 

this studies observation of glochidia on the first gill, S. trutta could carry up to 560 glochidia per 

0+ fish. Most S. trutta were encysted with glochidia but carried only a small number, up to 30 

glochidia per gill. 

Older S. trutta carried more glochidia when successfully encysted (Fig. 4.6). The front gill of 1 + 

and 2 + fish carried up to 130 glochidia. Based on this count S. trutta could carry up to 1040 

glochidia per fish in cohorts 1+ or older. However, gills of almost half of 1+ specimens had no 

encystment, and less than a quarter of the 2+ fish were encysted. 
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All glochidia density data was checked for normality using the Kolmogorov-Smirnov test. When 

using all the categories the arithmetic mean percentage cover of glochidia count categories on the 

front right gill of Upper Ballinderry Dollaghan Trout in November 2017 were not normally 

distributed. For all pairwise comparisons of means values done using Mann Whitney U test the 

distributions were the same across categories. The Kruskal Wallis test found that the variance of 

percentage encystment was the same across all samples (H = 1.940, d.f. = 3, P = 0.595). 

 

 

Figure 4.6. Bar graph showing arithmetic mean percentage cover of glochidia count categories on 

the front right gill of Upper Ballinderry Dollaghan Trout in November 2017. S. trutta 0+ (1001 

fish), re-encystment 1+ (80 fish), re-exposure 1+ (183 fish) & 2+ (117 fish). (Objective 4.3) 
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4.3.6 Hatchery trial results - Decline in number of encysted glochidial over time 

 

S. salar 

After successful attachment the low numbers of glochidia on S. salar did not remain encysted 

beyond October (≤ 3 months from encystment). 

 

S. trutta 

 

Glochidia were observed on S. trutta to just over 11 months after encystment and showed a steady 

decline in glochidial density throughout those 11 months (Fig. 4.7). From the start of glochidial 

counting in October 2016 (a few months after encystment), this study observed that the number of 

glochidia on S. trutta gills dropped on a weekly basis until there were no glochidia left on the gills.  

The two-sample Kolmogorov-Smirnov (KS) tests was used to test whether two underlying one-

dimensional probability distributions differ, i.e. to determine if the percentage loss of glochidia 

from 0+ Upper Ballinderry, 1+ Upper Ballinderry, and 0+ Lower Ballinderry fish were from the 

same distribution or not. Since the KS D-stat 0.35 ≥ D-critical 0.35 there is a small significant 

difference between the distributions for the two samples 0+ and 1+ upper Ballinderry S. trutta 

glochidia. The KS D-stat 0.32 < D-critical 0.35, therefore there is no significant difference between 

the two samples 0+ upper and 0+ lower Ballinderry S. trutta glochidia (they come from the same 

distribution). As the KS D-stat 0.31 < D-critical 0.35, there is no significant difference bewteen the 

two samples 1+ upper and 0+ lower Ballinderry S. trutta glochidia (they come from the same 

distribution). The percentage loss of glochidia appears to initially be higher in 1+ Upper Ballinderry 

fish than the two other age groups although statistically is only significantly different from 0+ upper 

Ballinderry S. trutta. 
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Figure 4.7. Percentage loss of glochidia over time from the front right gill of S. trutta age 0+ and 

1+ from the Upper Ballinderry (first glochidial encystment 27/7/16, start of glochidial count 

13/10/16, 78 days) and age 0+ from the Lower Ballinderry (first glochidial encystment 14/8/16, 

start of glochidial count 13/10/16, 60 days). 30 fish per sample group. (Objective 4.3) 

 

Hastie and Young (2001) estimated that the entire glochidial parasitic phase took 350 days from 

encystment to excystment. As a crude estimate 10 days before the last final glochidia excysted and 

from juvenile numbers they estimated 5 to 10 % of mussels survived the glochidial stage. 337 days 

from first encystment of upper Ballinderry mussels 1 % of 0+ and 0 % 1+ glochidia still remained 

on S. trutta gills. 319 days from first encystment of lower Ballinderry mussel no glochidia remained 

encysted to S. trutta gills. All glochidia excysted within 337 days during these experimental captive 

bred trials. To be sure if glochidia have successfully metamorphosed more needs to be known about 

the development size in relation to juvenile survival. 
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4.4 Discussion 

 

4.5.1 Host preference 

 

Salmo salar & Margaritifera margaritifera 

It is clear from table 4.1 and 4.2a that within the Ballinderry River S. salar are not suitable hosts 

for M. margaritifera, neither in the river nor in the hatchery trials. Although 0+ S. salar from Upper 

Ballinderry carried more glochidia than the Lower Ballinderry the highest percentage of fish to 

carry overall was 1.5 %. No glochidiosis was observed on 1+ S. salar in the Ballinderry River. A 

study on six Scottish rivers found glochidiosis in 0+ S. salar ranged from 69 to 100 %, their median 

encystment loads ranged between 3 and 548 glochidia per fish in the wild (Hastie & Young, 2001). 

The same study found glochidiosis in 1+ salmon ranged from 20 to 100 %, median encystment 

loads in this group ranged from 0 to 690 glochidia per fish (Hastie & Young, 2001). S. salar older 

than 1+ have migrated to sea and are no longer viable hosts. Results (table 4.1) from the 

electrofishing of wild S. salar showed an even starker picture for Ballinderry glochidial host 

preference, no S. salar were encysted with glochidia. Glochidial attachment to the gills of most fish 

species involves the interaction of a chemical cue from glochidia and subsequent fish response, 

which results in the migration of gill epithelial cells to form the cyst required for successful 

glochidial metamorphosis (Ziuganov et al., 1994). It is possible that large numbers of glochidia 

initially attach to S. salar gills in the Ballinderry River but fail to trigger a subsequent cyst 

formation. Thus the glochidia would die within a short period of time and fall off the gills. The 

patterns of co-existence of salmonid species are not known within all the tributaries of the 

Ballinderry River. However if the tributaries of the Ballinderry River that hold M. margaritifera 

mussel beds are dominated by S. salar instead of S. trutta then there is a potential reduced chance 

for glochidia to successfully reach a suitable host. 

 

 

Salmo trutta & Margaritifera margaritifera 

In the Ballinderry River S. trutta is the preferred glochidia host for both the upper and lower 

populations of M. margaritifera. Results from this study showed that all age classes of S. trutta in 

the Ballinderry River were encysted by glochidial (table 4.1), percentage of encysted fish varied 

depending on age class ranging from 11 to 42 %. In comparison to recorded glochidial encystment 

rates (Hastie & Young, 2001) on S. trutta in Scottish rivers (0 to 12% infection). S. trutta from the 

Ballinderry had higher percentage of encystments in hatchery trials (30 to 98 %) and in river 

population surveys (11 to 42 %). The high hatchery encystment rates were possibly due to the fact 
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that the fish were kept in close proximity to a high density of parent pearl mussels with a high 

chance of exposure to glochidia relative to fish in the river examples.  

 

All three tested cohorts (0+, 1+ and 2+) of S. trutta from the Ballinderry were susceptible to 

glochidial encystment (table 4.2b).  In Scottish rivers even 3+ S. trutta have been seen with 

glochidia; however, it is unclear if S. trutta in these wild trials had been encysted in previous years 

(Hastie & Young, 2001). Closer inspection of Salmo trutta gills showed that older fish (1+ and 2+) 

although less susceptible to glochidial encystment than juvenile (0+) fish can carry greater 

encystment loads. Higher glochidia carrying capacity of older fish has been observed in studies of 

other European rivers, the higher glochidia carrying capacity of older host fish can compensate for 

low densities of 0+ host fish (Geist et al., 2006). Although encystment appears to be less prevalent 

in older salmonids, those older individuals that are encysted can carry more glochidia as they have 

larger gill surface area with higher ventilation rates (Young & Williams, 1984b). S. trutta that at 

age 0+ had not been observed carrying glochidia were re-exposed to glochidia at age 1+, up to 40.4 

% were encysted. It is possible that these specimens at age 0+ initially had glochidial attachment 

but without encystment. Immunological investigations would be required to test this hypothesis. 

 

By April cumulative mortality rates of S. trutta in the glochidia count experiment were less than 27 

% for all trials involving 0+ and 1+ cohorts. However as temperatures increased in spring, fish 

mortality increased, bacterial and fungal infection occurred. At the end of the trials total fish 

mortality ranged from 37 to 89 %, with most casualties in the 1+ age group. Obligate parasitic 

glochidia can affect the overall health of host fish: for brown trout (S. trutta L.), glochidiosis can 

cause respiratory problems, reduced energetic status, reduced foraging, reduced competitive ability, 

and reduced swimming ability (Filipsson et al., 2016; Österling et al., 2014; Taeubert & Geist, 

2013; Thomas et al., 2014). Even low levels of glochidial encystment have been observed to lead 

to elevated metabolism and haematocrit levels in brown trout (Filipsson et al., 2017).  

 

Variance in glochidial encystment within and between fish age classes of wild trout populations 

could be caused by differences in behaviour and or exposure to mussel spawning sites (Hastie & 

Young, 2001). However, in this trial all age classes were positioned downstream from glochidia 

sources suggesting that variance in encystment density (i.e. successful encystment) involves a more 

complex selection process with an interaction of factors beyond behaviour (i.e. striking glochidia 

as food) and proximity to spawning mussels (i.e. close contact of 0+ with mussels as they seek 

cover in the river bed). 
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Considering that S. trutta in the Ballinderry are a key host for pearl mussels both in the wild and in 

captive breeding, without healthy populations of S. trutta within the vicinity of pearl mussel beds, 

M. margaritifera in the Ballinderry could become extinct. Mussel protection requires fish protection 

in all areas touched by the migration of trout such as high water quaility, suitable densities of trout 

throughout the river system, and removal of barriers to migration. Whilst there are brown trout 

resident throughout the year in the Ballinderry River, Dollaghan trout migrate downstream to Lough 

Neagh where they dwell until migrating back upriver to spawn in late autumn (Crozier, 1983). 

Careful management of pearl mussel species thus requires protection of trout spawning grounds, 

and trout populations beyond the local river sites with resident parent pearl mussels. 

 

4.5.2 Decline in glochidia numbers on gills  

 

Glochidia were observed on S. trutta up to 11 months after encystment and showed a steady decline 

in glochidia density throughout those 11 months (fig. 4.7). The underlying one-dimensional 

probability distributions did not differ between, 0+ upper and 0+ lower Ballinderry S. trutta, nor 

between 1+ upper and 0+ lower Ballinderry S. trutta. No significant difference between these 

groups could lead to the conclusion that it is not the size of the fish that matters but instead is mostly 

in relation to glochidia completing the glochidial stage successfully. 

 

However there was a difference between the distribution of 0+ upper and 1+ upper Ballinderry S. 

trutta declines in glochidia encystment rate over time. The percentage loss of glochidia was initially 

higher in 1+ Upper Ballinderry fish. Possibly the glochidia developed faster on the older larger 1+ 

fish. Or maybe the 1+ fish exposed in the previous year age 0+ had developed some immunity to 

glochidia encystment. 

 

To investigate the decline in glochidia over time the following ideas are explored; duration of 

glochidial development, size as a proxy for development stage, development temperature, and fish 

immune response and development. Does the duration of encystment have a bearing on survival 

rate at excystment? In order to survive must glochidia reach a particular size before excystment? 

Does temperature play a role in the growth and survival of glochidia? Although unable to account 

for fish immune response in this study in what way does the immune response of fish relate to 

glochidial survival? 
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Duration of glochidial development 

Marwaha et al (2017) noted from studies on naturally and artificially encysted fish from eight rivers 

in Norway that glochidia with the longest parasitic phase were generally larger and had better 

growth rates, which gave juvenilles a better start to their benthic developmental phase. Ziuganov et 

al (1994) stated that glochidia generally, on a worldwide basis, remain encysted on salmonid gills 

from several weeks to 10 months in the wild.  In Ziuganov’s study, other than a growth in glochidia 

size, it was unclear if mussels excysting between several weeks and 10 months had fully developed. 

Eybe et al (2015) studying glochidia on fish in captive breeding conditions noted that glochidia 

shell length increased for glochidia that had a longer duration time on host fish.  Hastie and Young 

(2001) estimated that the glochidial parasitic stage took 350 days (11.5 months) from encystment 

to excystment in Scottish rivers under natural conditions, 350 seems to have been based on the time 

it took until all glochidia had left the gills of salmonid fish. Based on this accepted timescale the 

Ballinderry glochidia survival rate is considered. On upper Ballinderry mussels 337 days after 

glochidial encystment only 1 % of 0+ and 0 % 1+ glochidia still remained on S. trutta gills. On 

lower Ballinderry mussel 319 days after glochidial encystment all glochidia has excysted from S. 

trutta gills. Whilst the maximal duration for the phase where glochidia remain encysted appears to 

be 350 days or less it is unclear what the minimal duration time is. 

In captive bred condition Eybe et al (2015) observed that glochidia which grow up to a minimum 

of 1 mm that excysted after 110 days had a survival rate of 62 to 98 %. On upper Ballinderry 

mussels 113 days after glochidial encystment 94 % of 0+ and 65 % 1+ glochidia remained on S. 

trutta gills. On lower Ballinderry mussels 116 days after glochidial encystment 82 % of glochidia 

remained on S. trutta gills. Based on the work of Eybe et al (2015) it it seems likely a high 

percentage of the glochidia that excysted after 110 survived to the juvenile phase.   

Duration required for glochidial growth appears to vary significantly depending on the location. 

Young and Williams (1984) suggested that glochidial development in Scottish river takes 7 to 9 

months from September to May/June. Bauer (1979) supported this timescale but also suggested a 

timescale of   20 to 60 days in river conditions. Ziuganov et al (1994) studying glochidiosis on adult 

salmon suggested 18 days for glochidia to reach 400 µm in the Varzuga River and 11 months for 

glochidia to reach 400 to 500 µm in the Umba River. Nezlin et al (1994) observed using an electron 

microscope that after 40 days (1.3 months) glochidia on Atlantic Salmon parr in the Varzuga River 

had fully developed to become juvenile mussels measuring 500 to 600 µm in diameter. Bauer 

(1987c) found that after 43 days glochidia on 0 + trout from the Elbe River had reached half their 

final growth size of 400 µm and that 24 to 78 % of the glochidia had died on the trial fish. It is clear 

that duration time alone is not sufficient to estimate if glochidia have survived the encysted phase. 
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Size as a proxy for development stage 

Karna & Millemann (1978) observed that glochidia ≥ 240 µm in diameter already possessed fully 

formed stomach, digestive gland, intestine, abductor muscles, nervous system and a ciliated foot 

with protractor and retractor muscles. Therefore, glochidia ≥ 240 µm in diameter can be categorised 

capable of becoming juveniles, although formation of all these body parts does not necessarily 

guarantee the ability of independent survival after excystment. Furthermore, it is uncertain whether 

this length threshold is applicable to the Ballinderry population, as it was determined for a M. 

margaritifera population from a different continent and across such geographic distances mussels 

are likely to show significant phenotypical or genetic differences, e.g. they depend on different 

salmon species as fish hosts.  While the impact of many factors such as fish size, species, genetic 

group, fish health and fish immunity on successful completion of glochidial metamorphosis remains 

uncertain, it is well established that the development of a foot is essential for the survival of juvenile 

mussels. As a glochidium undergoes metamorphosis, the cyst wall becomes thinner and the foot is 

used to break through it at excystation (Karna & Millemann 1978). Following excystment juveniles 

are able to feed on particulate organic matter in the substrate by using their foot; this is known as 

pedal feeding. Ctenidial development is depended on mussel size, filter feeding becomes efficient 

at a shell length of 2.2 mm, inducing an ontogenetic shift from pedal feeding to ctenidial filter 

feeding (Schartum et al., 2017). Presence of a mussel foot could thus be evidence for successful 

glochidial development, but requires microscopic investigation, which presented several challenges 

within the Ballinderry study’s particular constraints.  

Attempts to catch excysted glochidia have been successful (Kyle, 2016). The trap consisted of a 

small barrel chamber funnelled at the base to concentrate excysted glochidia in a small vial. 

Nevertheless keeping encysted fish in such a small chamber would create a stress bias, as they could 

not be supplied with a constant natural flow of stream water, therefore photodocumention of 

glochidial development on fish gills was attempted with a digital USB microscope, however the 

image resolution and accuracy of image scale on live fish gills were not adequate. Dissection was 

not an option either, because the fish were to be kept alive as part of the captive breeding program. 

The only samples available for glochidial length measurements came from fish that died from 

natural causes in the hatchery. Gills from specimens that died during the hatchery trials from 

October to June were examined. All glochidia from these samples exceeded a length of 240 µm. 

Closer microscopic examination of glochidial samples to determine morphological development 

was unfortunately not possible with the microscopes available.  

Hence glochidial size remained the only available proxy for glochidial development. But this proxy 

is not unambiguous evidence. According to the 240 µm threshold by Karna & Millemann (1978) it 

is possible that in October just 78 to 111 days from encystment nearly 100 % of the glochidia 
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observed on gills of Ballinderry trout had already successfully metamorphosed. However, the 

application of 400 µm as the size before metamorphosis (Bauer, 1987c) would suggest that no 

glochidia successfully survived metamorphosis on trout gills in the Ballinderry River, as no 

glochidial length exceeding 335 µm was recorded from gills of the trials’ fish fatalities, i.e. the 

largest glochidia specimens would have been 65 µm short of final development size. Whilst the 

actual glochidial survival rate from these trials with Ballinderry S.trutta remains uncertain, 

successful breeding of juvenile pearl mussels at the BRT for 18 to 20 years strongly suggests that 

that many of the encysted juvenilles in the captive breeding trials in this study survived tne encysted 

phase. Despite this ambiguity size would arguably be the best threshold for successful glochidial 

developments as size marks the development of morphological features required by excysted 

juveniles to survive. 

 

There are several other threshold values that came to light during the literature search, which time 

and resource did not allow for in this study, they are integral to a full understanding of glochidial 

development and are included in the discussion below. 

 

Development Temperature 

 

A temperature and turbidity probe was deployed in the hatchery however malfunction of this 

equipment did not allow for the completion of a suitable temperature data set for comparison with 

the other findings in this study. The role of temperature in glochidial development has however 

been included here in the discussion in relation to other studies. Already Lefevre and Curtis (1912) 

suggested that the variation in the parasitic glochidial development time depended on the 

temperature required for development and the individual physiological differences in the glochidia-

fish interaction. Ziuganov et al (1994) tested the temperature suggestion by keeping salmon parr 

from the Umbo River at two temperatures, higher temperatures do seem to cause increased 

glochidial growth. Glochidia on salmon kept at 14°C reached 400 µm in diameter 4 months after 

infestation compared with glochidia on salmon kept at 0°C which only reached diameters of 240 

µm in the same four months. Young & Williams (1984b) noted rapid growth of glochidia in spring 

and summer possibly this was due to temperature. Water temperature was not successfully recorded 

in the hatchery throughout the trial so this study is unable to comment further on the effects of 

temperature. Marwaha et al (2017) identified, from naturally and artificially encysted fish from 

eight rivers in Norway, that temperature was an important factor governing excystment; higher 

temperatures decreased the duration of the parasitic glochidial phase. 

 



129 
 

 
 

Fish immune response and Development 

 

Although this study was unable to gather data on immunology it is important to discuss immunology 

for a fuller understanding of glochidial life stage, and to put in perspective what was found in this 

study. We know that nutrition is obtained from the host because research observing shifts in stable-

isotope from fish to glochidium has been observed before therefore there must be exchange of fluids 

(Fritts et al, 2013). Once glochidia have attached to fish gills and become encysted they are then 

subject to the fish’s immune response. Because the glochidia attachment is for a long time fish have 

time to react (Degerman et al, 2006). 

 

Previous research suggests that glochidial mortality is a result of host fish immune response (Bauer, 

1987b; Bauer & Vogel, 1987; O'Connell & Neves, 1999). Initial glochidial mortality is a result of 

tissue response to encystment, hyperplasia of non-specific gill tissue means that non encysted and 

in some cases encysted glochidia are quickly sloughed from the gills (Bauer, 1987b, c; Bauer & 

Vogel, 1987; Meyers, Millemann & Fustish, 1980). Later, possibly weeks later, glochidial mortality 

is a result of humoral response (Bauer, 1987b; Bauer & Vogel, 1987). The humoral response can 

also delay development of glochidia (Bauer & Vogel, 1987).  

 

Glochidial mortality is increased in host fish that have previously been encysted with glochidia as 

they retain an immunological memory of previous glochidial encystment (Bauer, 1987b,c; Bauer 

& Vogel, 1987). Hastie and Young (2001) summarise three reasons why older fish are less 

susceptible to glochidiosis, reduced exposure due to behavioural differences, increased 

physiological resistance but by far the most widely accepted view is acquired immunity to glochidia 

(Reuling, 1919). Acquired resistance of host fish affects both the natural reproduction and artificial 

propagation success of Unionid glochidia (Dodd et al., 2006; Rogers and Dimock, 2003). 

Antibodies are proteins formed by plasmid cells that are used to neutralize pathogens, antibodies 

against glochidia have been found in salmonids 8 to 12 weeks post encystment (Meyers, Millemann 

& Fustish, 1980). I could not find any information on passive immunity against glochidia being 

shared between fish, current assumption would be that immunity is acquired a result of glochidial 

encystment (Dodd et al., 2005). Acquired resistance in largemouth bass (Micropterus salmoides) 

to one species of unionid mussel displayed cross resistance against glochidia of other mussel 

species. Immunoblotting showed that antibodies from the fish serum bound to glochidia proteins of 

similar molecular weight (Dodd et al., 2005). Bluegill Sunfish (Lepomis macrochirus) exhibits both 

a humoral and mucosal antibody response to glochidia of the freshwater mussel paper pondshell 

(Utterbrackia imbecillis). After two cycles of glochidial encystment L. macrochirus acquire 

resistance to the glochidia, their antibodies recognise cells in the ciliated region of the glochidia 
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larval mantle (Rogers-Lowery et al., 2007). Furthermore cyst formation (where the epithelial cells 

of the fish encapsulate the glochidium) was delayed and morphologically irregular on L. 

macrochirus previously encysted with glochidia (Rogers-Lowery & Dimock, 2006).  

 

We still do not have a fully comprehensive understanding of the immunological response of 

salmonids to glochidia parasitism. Because of the highly specific glochidial host interaction, serious 

consideration is needed before introducing salmonids from other genetic populations as these may 

not carry glochidia in the stream to which they are being introduced (Bauer, 1987c). When pearl 

mussels are reintroduced to streams in Northern Ireland in which they were once present, careful 

consideration will be essential to choose mussels whose host preference and survival against fish 

immune response matched the salmonid population already present in those streams.  

 

4.5.3 Future considerations 

 

Restocking options for Ballinderry pearl mussel under consideration of host fish 

Realistically how likely is it that populations of Pearl mussel will recover and increase in the 

Ballinderry River and across the rest of their natural distribution? More importantly what density 

of mussels and host fish are required for net population growth? Valovirta (1990) suggested that a 

density of 100 mature adult mussels per m2 is required for successful recruitment to take place and 

that abundance of 500 mussels per m2 would be indicative of very good habitat where natural 

conservation programs are likely to work. 2016 records at the Ballinderry Rivers Trust show that 

the pearl mussel population for the Upper Ballinderry River comprised 520 individuals. Mussels 

were dispersed with extant beds made of less than 100 individuals per m2. Without effective 

conservation measures in place such as the pearl mussel breeding program for the Ballinderry it is 

unlikely that enough glochidia will be produced for natural repopulation of the river. Wilson & 

Roberts (2011) highlighted that Northern Ireland pearl mussels face extinction by 2098. If wild 

pearl mussel populations are to survive, rivers with small (< 1000 individuals) remnant populations 

will need both captive breeding programs as well as river-habitat improvement. The pioneering 

captive breeding program of the Ballinderry Rivers Trust has the ability to produce > 3000 

juveniles, 3 year olds (mussels that have been bred and reared in captivity up to the age of 3), per 

500 fish under semi-natural riverine conditions (Preston, Keys & Roberts, 2007). 

Boon et al (2019) points out that pearl mussels are adapted to extremely oligotrophic conditions, 

and thus low levels of phosphorus and nitrogen; these conditions can usually only support relatively 

low densities of fish. Functional pearl mussel habitats are typically characterized by a low number 

of fish species and comparatively low densities of fish, the CEN standard therefore suggests a 
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density of at least five 0+ brown trout per 100 m2 (British Standards Institution, 2017). A range of 

densities observed in functional and non-functional pearl mussel habitat; 29 S. trutta per 100 m2 

(Geist et al., 2006), 10 S. trutta and 30 S. salar per 100 m2 (Ziuganov et al., 1994), lower than 10 

S. trutta per 100 m2 (Degerman et al., 2013), and 10 to 20 S. trutta per 100 m2 (Bauer et al., 1991). 

The 2016 Ballinderry Rivers Trust records show an average of 25 S. trutta per 100 m2 and 50 S. 

salar per 100 m2 at river sites where pearl mussels were present. The high number of salmonids 

within the Ballinderry River suggests nutrient enrichment and unfavourable conditions for the 

recruitment of the pearl mussels (Boon et al, 2019).  

 

Recommendations 

 

Ballinderry mussels use both trout and salmon in the wild, both the Dollaghan trout and Atlantic 

salmon leave the Ballinderry River to feed as adults and return to spawn in the river and its 

tributaries. This suggest that the Ballinderry River is a natural home to oligotrophic salmonids, that 

require migration for nutrition. Regarding the future densities of salmonids in the Ballinderry River 

it would be best to aim for “high status” water quality and a low-density fish population.  

This is compatable with a naturally oligotrophic “high status” river. However, the objective for the 

Ballinderry River is “good” status. In keeping with the CEN standard “high status” requirements 

for Margaritifera, it is recommended that the status objective for the Ballinderry River should be 

“high” in order to provide the best conditions for both the mussels and their host fish (British 

Standards Institution, 2017).  

 

 

More needs to be done to understand the life history of Dollaghan, its migration, life expectancy in 

the Ballinderry, protection, fishery management, life in the Lough, genetic structure in the 

Bann/Lough Neagh system and its immunology with regard to glochidia. A review of the salmonid 

fisheries management policy in Northern Ireland with regard to the various glochidial host 

preferences in each tributary, would ensure a species bias was not formed from protective policy, 

which may negatively impact the survival of the endangered M. margaritifera. For example 

protection of salmon but not trout may set up a bias favouring salmon survival, this could negatively 

impact pearl mussel survival in a tributary where pearl mussels showed a host preference for only 

one type of salmonid.  

 

Moorkens (2010) recommends prioritisation of the largest populations of pearl mussel in the closest 

to sustainable conditions is of key importance. This method could be a good model for the 

Ballinderry where the juvenile pearl mussels from the successful breeding by the BRT breeding 
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centre could be introduced in large number to just a few river sites with “high status” oligotrophic 

conditions and with low density populations of both species of salmonid. For production of high 

numbers of juvenile mussels the BRT breeding centre could focus on breeding mussels on trout as 

these are the most sutable host for captive breeding of pearl mussels in the Ballinderry River. 

However there is the possibility that if pearl mussels are only bred on trout this may set up a bias 

against glochidial encystment to salmon. The BRT breeding centre could also consider keeping 

trout separate from pearl mussels until 1+ then encyst the older fish with higher densities of 

glochidia. To improve understanding of the decline in glochidia on fish throughout the encysted 

phase, further research with temperature and immunology incorporated could yield further 

understand.   
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Chapter 5 Does filter feeding by Dreissena polymorpha have an effect on vancomycin 

resistance transfer in Enterococcus faecalis?  

 

Abstract 

 

An increase in antibiotics in the natural environment has inevitably led to a rise in antimicrobial 

resistance. Antimicrobial resistance poses a threat to human health and ability to remedy bacterial 

infections. This study found that filter feeding by Dreissena polymorpha has an effect on 

vancomycin resistance transfer in Enterococcus faecalis. Highlighting that filter feeders could be 

part of a feedback of antimicrobial resistance genes from the natural environment back into human 

society.  

Wild collected D. polymorpha (zebra mussels) underwent depuration, then were exposed to two 

strains of E. faecalis (donor isolate MF06036VanA and recipient isolate MW01105Rif) in the 

laboratory. Samples of ambient water, mussel shell surface wash, visceral mass, gills, and 

pseudofaeces were plated on double antibiotic-selection Slanetz and Bartley Medium. 

Transconjugants, indicating conjugal transfer of vancomycin resistance, were found on the outside 

of the mussel shell, in the visceral mass, on the gills and in the pseudofaeces of D. polymorpha.  

Palmellopsis species were also added to investigate the impact of phytoplankton and bacterial co-

filtration by mussels on the quantity of transconjugants. The presence of algae facilitated higher 

transfer efficiencies. Presumed conjugal transfer of antimicrobial resistance in D. polymorpha 

occurred at a maximal transfer efficiency of 10-6.  

This study highlights the importance of the role played by filter feeders such as D. polymorpha in 

facilitating the emergence and spread of antimicrobial resistance in the natural environment. In 

addition this study points on the need for further research in the role of bivalves in horizontal gene 

transfer before using mussel as biofilters for waste water treatment.  
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5.1 Introduction 

 

5.1.1 Antimicrobial Resistance (AMR) 

 

Antimicrobials decrease morbidity and mortality associated with bacterial infections. Antimicrobial 

resistance is the ability of a microorganism to stop an antimicrobial (i.e. antibiotics) from working 

against it (WHO, 2014). Antimicrobial resistance decreases the effectiveness of antimicrobial 

drugs, this increases the risk of morbidity and mortality (Angulo et al., 2009). Antimicrobial 

resistance is an inevitable consequence of antimicrobial use and misuse, whilst true this has only 

become widely accepted within the last decade or so (Levy, 2001). Unsurprisingly antimicrobial 

resistance within the natural environment is now a public health concern as commensal bacteria 

carrying antimicrobial resistance genes can be transmitted to people (Angulo et al., 2009). 

Antimicrobial resistance of healthcare associated infection (HAI) by bacteria is a problem within 

the natural environment and is a threat to human and animal health worldwide (Berendonk et al., 

2015).  

AMR bacteria occur naturally and can be found in a wide range of natural locations including water, 

soil, air, dust and within wildlife for example shellfish (Huijbers et al., 2015).  Antimicrobial 

resistance genes (ARG) and antimicrobial resistant bacteria (ARB) enter the natural environment 

from anthropogenic sources and the excessive use of antimicrobials in human and veterinary 

practices (Berendonk et al., 2015). Urban wastewater management systems are not equipped to 

manage microbial activity and can therefore contribute to the emergence and spread of 

antimicrobial resistance.  

An important step in controlling the spread of AMR is to quantify the criteria of resistance genes 

for horizontal gene transfer, an example of this would be noting if the presence of a nanoparticle or 

filter feeder facilitated an increase in transfer efficiency of resistance genes (Berendonk et al., 

2015). 

 

5.1.2 Antibiotic resistance in Enterococci 

 

Antibiotic resistance in Enterococci can be categorised as intrinsic resistance, acquired resistance, 

and tolerance. Enterococci are intrinsically resistant to many commonly used antimicrobials such 

as penicillin and ampicillin and therefore are difficult to treat with antibiotics (Kristich et al., 2014).  

A report for England, Wales and Northern Ireland in 2016 found that Enterococcus faecalis were 

the eighth most commonly identified mono-microbial organisms (1.9 % of such infections 

respectively) in bacteraemias (PHE, 2017a). Enterococcus faecalis were also the firth most 
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commonly identified poly-microbial organisms (4.3 % of such infections respectively) in 

bacteraemias (PHE, 2017a). Vancomycin resistance was observed in 17% (2015) and 15% (2016) 

of blood stream infections by Enterococcus spp. in England and Northern Ireland following annual 

increases in the preceding four years (PHE, 2017b). Observed cases of Vancomycin resistance in 

E.  faecalis have remained low in most European countries (ECDC, 2017). Ireland is out of step 

with much of Europe in this respect, for example in cases of Vancomycin resistance in E. faecium, 

percentage (%) of invasive isolates with resistance to vancomycin in 2016, ranged from 39 to 49 % 

in Ireland, from 15 to 19 % in the United Kingdom, the EU/EEA (population weighted mean) being 

11 to 13 % (ECDC, 2017). 

Vancomycin-resistant Enterococci (VRE) is a major nosocomial pathogen that is significantly 

associated worldwide with increased rate of morbidity, mortality, prolonged hospitalisation, and 

elevated health care costs (Cosgrove, 2006; Emaneini et al., 2006; Nilsson, 2012). Glycopeptide 

antimicrobials like Vancomycin are used to treat serious infections of Gram-positive bacteria 

(Kristich et al., 2014).  Glycopeptides interfere with cell wall production of Gram-positive bacteria 

by binding to the end of the pentapeptides, this inhibits synthesis, destabilising the cell wall 

resulting in lysis of the bacteria (French, 1998; Reynolds, 1989). There are five recognized 

phenotypes of vancomycin resistance VanA, VanB, VanC, VanD, and VanE, of these, vanA and 

vanB acquire gene clusters not previously found in enterococci through conjugal transfer 

(Cetinkaya et al., 2000). Antimicrobial resistance genes in E. faecalis can be acquired by 

pheromone induced conjugal transfer (Clewell & Weaver, 1989; Handwerger et al., 1990). The 

vanA gene cluster located primarily on a transposon can be a part of a conjugative (transferable) 

plasmid for the dissemination of these genes between bacteria (Cetinkaya, Falk & Mayhall, 2000; 

Handwerger & Skoble, 1995; Handwerger et al., 1995).  

Rifampicin has been used historically in combination with other antibiotics to treat bacterial 

infections, e.g. by Mycobacterium tuberculosis and more recently by staphylococci (Kristich, Rice 

& Arias, 2014). Although rifampicin is not normally used to treat enterococcal infections, acquired 

resistance to rifampicin is nonetheless common in enterococci (Kristich et al., 2014). Rifampicin is 

active against enterococci however rifampicin is bacteriostatic not bactericidal, the emergence of 

rifampicin resistant strains limited the usefulness of rifampicin (Moellering & Wennersten, 1983). 

Possibly this resistance has originated from the survival of commensal enterococci that have been 

exposed to rifampicin during treatment for non-enterococcal infections. Rifampicin inhibits 

bacterial growth (DNA-dependent RNA synthesis) by inhibiting bacterial DNA-dependent RNA 

polymerase (binding the beta subunit of RNA polymerase (RpoB)) (Kristich et al., 2014; Wehrli et 

al,. 1968).  
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5.1.3 Antibiotic resistance in the aquatic environment 

 

Enterococci can be present in high densities in the natural environment even in the absence of 

obvious fecal sources (Byappanahalli et al., 2012). These enterococci may carry and transfer 

antibiotic resistance genes, understanding the role that the natural environment plays in the survival 

and propagation of resistant enterococci and in the transfer of genes between enterococci if of 

importance to human and environmental health. One study examined 23,425 bacterial genomes for 

known mobile ARGs and analysed the intra and inter taxon horizontal gene transfer (HGT) 

frequency of the mobile ARGs across human, animal, aquatic, and terrestrial environments (Hu et 

al., 2016). The study found that HGT frequency of ARGs is highest in animal associated bacteria, 

followed by human, aquatic, and then terrestrial bacteria (Hu et al., 2016). Mobile ARGs are 

exchanged via HGT most frequently between animal and aquatic bacteria than between animal and 

terrestrial bacteria (Hu et al., 2016). Wastewater treatment plants (WWTPs) can act as a point 

source for ARBs and ARGs into river catchments (Sabri et al., 2018), although this may not be the 

case for all types of WWTP, as globally there are a great variety. Antibiotics enter the system from 

human and livestock use (Sabri et al., 2018). A study of prevalence of antibiotics (macrolides, 

sulfonamides, and tetracyclines) and ARGs (ermB, sul1, sul2, and tetW) in a wastewater effluent-

receiving river system in the Grote Beerze river, Netherlands, found ARGS were present in the 

water up to 20 km downstream (Sabri et al., 2018). Although emitted in low doses, ARGs build up 

on the river surface water sediments, rivers downstream of WWTPs have the potential to act as 

reservoirs of ARGs (Sabri et al., 2018).  

Another point source of ARG in the aquatic environment are the antibiotics used in aquaculture 

(Hong et al., 2018). The skin microbiota of 94 aquatic animals were investigated for the occurrence 

of 37 ARGs resistance to six classes of antibiotics from five cities in the south east of China (Hong 

et al., 2018). Most of the animals were fish but there were also shrimp and prawn, 62 animals were 

freshwater, 32 were marine (Hong et al., 2018).  Up to 16 ARGs were found on skin microbiota 

from animals in Shanghai, the highest value among the investigated regions (Hong et al., 2018). 

Aquatic animal skin microbiota contribute to the spread of ARGs in water environments (Hong et 

al., 2018). Nearly 90 % of the world’s surface liquid freshwater is held in lakes (McConnell & 

Abel, 2013). A meta-analysis of antibiotics in lakes found high concentrations of several antibiotics 

(sulfamethoxazole, sulfamerazine, sulfameter, tetracycline, oxytetracycline, erythromycin, and 

roxithromycin) in both lake water and lake sediments, in one lake up to fifty seven different 

antibiotics have been found (Yang et al., 2018). The meta-analysis took average concentrations of 

40 antibiotics in lake waters across the globe, the median values of several antibiotics in lake water 

were < 1 ng L−1, the median values for thirteen of the antibiotics were between 1 and 10 ng L−1, the 

median concentrations for the remaining twenty antibiotics were above 10 ng L−1 (Yang et al., 
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2018). Similarly meta-analysis took average concentrations of 35 antibiotics in lake sediments 

across the globe, median values for six of the antibiotics were < 1 ng g−1, twenty-one antibiotics 

had median values ranging between 1 and 10 ng g−1, eight of the antibiotics median values in lake 

sediments were above 10 ng g−1 (Yang et al., 2018). Some of the upper antibiotic concentrations in 

both lake water and sediments reached hundreds of ng L−1 and ng g−1 respectively. Lakes therefore 

provide interesting sites to monitor the fate of antibiotics and propagation of ARGs. Yang et al., 

(2018) highlighted the surprising lack of research conducted so far in to the role of aquatic life in 

the propagation of ARGs. This study set out to build on the knowledge of conjugal horizontal gene 

transfer between bacteria in the presence of aquatic filter feeding organisms. 

 

5.1.4 Examples of conjugation in natural environments 

 

Horizontal gene transfer (HGT) allows antibiotic resistance to spread among bacteria in the aquatic 

environment (Lu et al., 2015). HGT occurs via three main mechanisms; transformation, 

transduction, and conjugative transfer (Thomas & Nielsen, 2005; Davison, 1999). Conjugation has 

been observed between bacteria in controlled and natural environments, in the rhizosphere, in lake, 

river and marine water, in soil and subsurface ecosystems, on plant and epilithon surfaces, in 

biofilms, in animal intestine and in hospital sewage (Dröge et al., 1999; Davison, 1999; Massoudieh 

et al., 2010). Conjugation has been studied in aquatic filter feeders such as sponges and daphniids, 

however has not been studies in bivalves, in this study conjugative transfer was investigated in the 

presence of a filter feeding mussels (Cartwright, 2018; Olanrewaju et al., 2019). 

There are a diverse set of processes by which conjugative transfer is mediated in gram positive 

bacteria (Thomas & Nielsen, 2005). Transfer apparatuses in enterococci can be switched on in 

response to recipient pheromones, once activated a membrane protein promotes aggregation of the 

donor and recipient (Thomas & Nielsen, 2005). Free plasmids (possibly carrying resistant genes) 

present in the cytoplasm of the donor cell are passed by cell-to-cell contact to the recipient, the 

recipient is then a donor (Thomas & Nielsen, 2005). Conwell et al. (2017) isolated Enterococcus 

faecalis from a range of agrarian associated sources, these Enterococcus were assessed for latent 

ability to transfer antimicrobial resistance via peptide based sex pheromone conjugal machinery. 

Donor and recipient isolates from the Conwell et al. (2017) study that demonstrated pheromone 

based conjugal transfer have been used in this study. 

Filter-mating assays prove to be efficient standardised techniques to observe bacterial strains ability 

to transfer resistance via conjugal HGT (Lampkowska et al., 2008). Filter-mating involves filtering 

donor and recipient culture through a sterile membrane filter, washing the filter to ensure cells 

attached tightly to the membrane. Filters are placed aseptically, cell side up, on nonselective agar 
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and incubated overnight. Filters are then thoroughly washed and vortexed to remove all cells. 

Dilutions are plated on media selective for donors, recipients, and transconjugants (Toomey et al., 

2009). The filters provide a surface for bacteria which hold and brings bacteria together assisting 

with conjugal transfer. Replacing the filter with a filter feeding species provides a rationale for 

investigating the role of filter feeders in assisting bacterial strains to transfer resistance via conjugal 

HGT. A study determining transferability of vanA and vanB glycopeptide resistance determinants 

between E. faecium strains of human and animal origins found that in vitro transfer (< 1 x 10-9 

exconjugants/donor) by filter-mating can underestimate the potential for gene transfer, significantly 

higher transfer rates were found in vivo (1 x 10-7 exconjugants/donor) using germ-free mice (Dahl 

et al., 2007). 

Glycopeptide resistance genes can transfer to enterococci in humans through consumption of food 

animals, this was demonstrated by the transfer of vanA from porcine to human E. faecium in the 

digestive tract of gnotobiotic mice (Moubareck et al., 2003). The feeding and reproductive habits 

of house flies (Musca domestica L.) make them ideal mechanical vectors of human and animal 

pathogens (Graczyk et al., 2001). The alimentary canals of M. domestica were experimentally tested 

for and found to be a suitable environment for horizontal gene transfer of conjugative plasmids and 

antimicrobial resistance in Enterococcus faecalis (Akhtar et al., 2009). M. domestica can acquire 

antibiotic-resistant enterococci from Waste Water Treatment Facilities and carry those enterococci 

into the surrounding environment (Doud et al., 2014). These non-biting flies provide a plausible 

pathway for environmental AMR feedback into human society.   

Nanomaterials in water can significantly promote the horizontal conjugative transfer of multidrug-

resistance genes between live bacteria mediated by plasmids (Qiu et al., 2012). Horizontal transfer 

of intracellular antibiotic resistance genes has occurred via conjugation between two bacteria of the 

same (Escherichia coli) and different genera (Escherichia coli and Salmonella) by the addition of 

nanoalumina and nano titanium dioxid nanoparticles (Ding et al., 2016; Qiu et al., 2015). Animal 

guts provide ideal niches for bacteria to grow and multiply and can thus provide a suitable 

environment for horizontal gene transfer, although not always the case, if bacteria with such genes 

are emitted from their host there is a possibility of spreading ARGs in the natural environment. 

Plasmid mediated conjugal transfer has been observed in zebra fish (Danio rerio) in the intestinal 

region (primarily the hindgut) and faeces (Fu et al., 2017). Similarly plasmid mediated conjugal 

transfer has been observed in cockroaches, subsequently cockroaches may also act as a reservoir 

for the spread of ARB in environments such as hospital (Anacarso et al., 2016). 

Biofilm matrices from simple laboratory-based biofilms of A. eutrophus to complex biofilms in 

aquatic habitats provide suitable conditions for horizontal gene transfer via plasmid exchange 

between Escherichia coli (Molin & Tolker-Nielsen, 2003). Biofilm populations display increased 
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plasmid transfer relative to planktonic populations, in addition conjugative plasmids are enhanced 

by biofilm formation (Molin & Tolker-Nielsen, 2003). Many wastewater treatment plant bacterial 

communities consist of biofilm states (Withey et al., 2005). These biofilms are collected during 

water treatment as sludge material, often these biofilms harbour high doses of resistant bacteria. 

Globally this sludge material is often used as a biofertiliser on agricultural fields. Studies on soil 

resistome spread with material from treated and untreated WWTPs have shown limited effect on 

soil resistome (Gatica & Cytryn, 2013). However there is a possibility and concern that agricultural 

fields spread with biofertiliser from WWTPs may act as a reservoir for antibiotic resistance (Lood 

et al., 2017).  

Taylor et al. highlighted aquatic systems serve as an important milieu for the environmental release, 

mixing, persistence and spread of ARB and ARG associated with HGT elements. The aquatic 

environment provides drivers of AMR, both natural aquatic drivers and anthropogenic drivers 

including antimicrobials and pollutants (Taylor et al., 2011). 

5.1.5 Enterococci in Nature 

 

Only a small fraction of enterococci reside within the human gastrointestinal tract.  The vast 

majority, a wide diversity of highly adapted enterococci, live outside of humans as members of the 

intestinal consortia in a range of hosts including vertebrates, Arthropoda and Nematode (Van Tyne 

& Gilmore, 2014). Enterococci are therefore common in the natural environment. Historically 

enterococci have been used as fecal indicator bacteria (FIB) in water quality testing because they 

are commensal members of gut communities and therefore shed from human and animal feces 

(Byappanahalli et al., 2012). Enterococci have also been found in high densities held in 

environmental reservoirs (secondary habitats) also termed extraenteric habitats, absent of fecal 

sources (Byappanahalli et al., 2012). Examples of these reservoirs include freshwater, aquatic 

vegetation, beach sand, sediments, and soils (Byappanahalli et al., 2012). The conditions which 

determine the fate of enterococci in extra-intestinal habitats are not fully understood, the fact that 

enterococci can survive in secondary habitats raises concerns for the spread of human pathogens 

such as Escherichia coli, Salmonella, and Campylobacter (Byappanahalli et al., 2012). In relation 

to this study the survival of enterococci in secondary habitats, carrying ARG, increases the 

likelihood that filter feeders will play a role in the spread of AMR in aquatic environments.   

A wide variety of antibiotics have been used in aquaculture including; Streptomycin, Florfenicol, 

Amoxicillin, Enrofloxacin, Enythromycin, Furazolidone, Oxolinic acid, Sulphadiazine, 

Tetracycline, and Oxytetracycline among many others. Use of antibiotics in aquaculture have often 

been prophylactic i.e. used as a prevention of bacterial disease instead of reactive treatment 

(Defoirdt et al., 2011). Use of antibiotics in aquaculture varies globally, for example in shrimp farm 
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production use of antibiotics has varied between countries ranging from 1 g per tonne of production 

in Norway to 700 g per tonne of production in Vietnam (Defoirdt et al., 2011). The wide and 

frequent use of antibiotics in aquaculture has enabled the development and spread of antibiotic 

resistance within the natural environment (Defoirdt et al., 2011).  Bacteria from farmed fish/aquatic 

food that have been treated with antibiotics often have high prevalence of ARG, these ARB can 

transfer to the human gut through consumption, or to wounds in the skin when handling and 

preparing food (Alderman & Hastings, 1998). Consequently these ARB human pathogens can be 

acquired by humans engaging in recreational activity in the marine and freshwater environment 

(Leonard et al., 2015). Commercial fishing occurs in Lough Neagh however there is no aquaculture 

practices in Lough Neagh, within the Neagh Bann Catchment there are some fish farms, the use of 

antibiotics at these sites is unknown. 

 

5.1.6 Enterococci in Bivalves 

 

Mussels with dense gill structures like Mytilus edulis (blue mussel) rapidly accumulate bacteria 

such as E. faecalis to concentrations 22 to 40 times that of the concentration of E. faecalis in the 

surrounding water (Roslev et al., 2009). In many cases Enterococci appear to be released more 

slowly than other bacterial species such as E. coli, Enterococci are therefore accepted as a good 

indicator species for bacteria uptake by mussels (Roslev et al., 2009; Marino et al., 2005). 

 

Fine lamellae in the gills of Dreissena polymorpha capture particles smaller than 1 µm and 

assimilate bacteria ranging in size from 1 to 4 µm (Silverman et al., 1996). The efficient filtering 

capability of Dreissenid species set them apart from other freshwater mussels, particularly in 

relation to the wide range of particle size retention (Silverman et al., 1996). These qualities make 

D. polymorpha an ideal animal for filter feeding microbial studies. 

D. polymorpha can recover and concentrate human pathogens, which causes risks to public health 

regarding drinking water abstraction and water-based recreational activities (Graczyk et al., 2008).  

D. polymorpha filter and use bacteria from the surrounding water column (Silverman et al., 1995). 

Dreissena polymorpha feed on bacteria, experiments clearly show that a diet of bacteria reduces 

physiological responses associated with starvation (Frischer et al., 2000). Dreissena polymorpha 

are associated with the distinct microbial assemblages in the environment around them (Frischer at 

al., 2000). The filtration activity of D. polymorpha can use bacteria to change the composition, 

activity and growth of microbial assemblages around mussel stands (Frischer et al., 2000). 

Bacteria are not just trapped in the digestive system of D. polymorpha, nutrients derived from 

bacteria are also incorporated into mussel tissue. Due to a dense gill structure made of many small 



141 
 

 
 

cirri, D. polymorpha can filter Escherichia coli more efficiently than many other freshwater species 

such as Corbicula fluminea and Carunculina texasensis (Silverman et al., 1995). Dreissena has 102 

times more cirri than found in Corbicula (Silverman et al., 1995). Based on mussel dry weight D. 

polymorpha can clear bacteria 30 to 100 times faster than Corbicula fluminea and Carunculina 

texasensis (Silverman et al., 1995). Dreissena polymorpha can clear Escherichia coli (1.7 to 2.9 

µm) at a rate of 143 +/- 25 ml g-1 dry tissue min-1 per mussel (Silverman et al., 1995).  

D. polymorpha accumulate bacteria in higher concentration than the surrounding water, this also 

makes mussels useful biomonitoring organisms for microbial water testing (Bighiu, 2012). Mussels 

have a higher uptake of Enterococcus spp. than E. coli, possibly because of Enterococcus spp 

greater adherence qualities and ability to secrete bacteriocins (Bighiu, 2012). The activity of 

aggregation substances (such as surface carbohydrates, cytolisins, hyaluronase or lipase) in 

Enterococcus spp enable the adherence to host cell surfaces (Bighiu, 2012).  Bacteriocins secreted 

by enterococci are effective against bacteria (Bighiu, 2012).  

Filter feeding organisms such as bivalves collect and concentrate bacteria from a variety of species, 

concentrating bacteria in this way at high densities facilitates gene exchange (Lupo et al., 2012). 

Dreissena polymorpha have exceptionally efficient filtration capabilities, one study recorded 

clearance rates by D. polymorpha up to 574 ± 20 ml h-1 g-1 of wet tissue mass (Elliott et al., 2008). 

Table 5.1 below shows a wide variety of D. polymorpha clearance rates have been published. The 

only study noted here with a clearance rate of bacteria observed clearance rates of Esherichia coli 

at 137 ml mussel-1 h-1. Based on the review below it is reasonable to assume that a full cup (200 ml) 

of predominantly river water with 1 to 20 % of the volume containing bacteria and algae to be 

cleared within five hours. 
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Table 5.1 copied from Elliott et al., (2008), a literature review of the clearance rates of Dreissena 

polymorpha.  

Reference Testing 

device 

Food Size of 

mussel 

(mm) 

Temperature 

(ºC) 

Clearance 

rate (ml 

mussel h -1 ) 

Reeders et 

al., (1989) 

Stirred 

vessel 

Lake water 20 - 22 13 - 17.7 30 - 170 

Reeders and 

Bij de Vaate 

(1990) 

In-situ 

enclosure 

Lake water 22 10-21 30 - 75 

Morton 

(1971) 

Beaker Colloid graphite 29 5-30 5 - 180 

Mikheev 

(1967) 

In situ Clay suspension 22 15 2 - 50 

Kryger and 

Riisgard 

(1988) 

Beaker Chorella 22 20 286.8 

Silverman et 

al., (1995) 

Test tube Esherichia coli 17 - 25 

 

- 137 

Lei et al. 

(1996) 

Beaker Polymer 

microspheres 

57 mg dry 

weight 

15 74 

Bastviken et 

al., (1998) 

Recirc. 

flow-

through 

~7 cm -1 

River water 11.52 ± 

5.89 

16 - 20 44 - 63 

Baldwin et 

al., (2002) 

Beaker Chalmydomonas 20 - 25 20 20 - 125 

Baldwin et 

al., (2002) 

Flow 

through 

Nanochloris 19 - 22 20 18 - 402 

Elliott et al., 

(2008) 

Industrial 

flow-

through 

River water 4 - 27 15.1 - 15.5 574 ± 20 (g-

1) 

 

Because filter efficiency of D. polymorpha is so high with such a wide size range of filtered particles 

the mussels have been considered for biological industrial water treatment (Elliott et al., 2008). 

Earlier studies by Mählmann et al (2002), promoted the use of textile substrates to establish zebra 

mussels in waste water treatment plants. Further understanding the survival, reproduction and 

growth of bacteria and their horizontal gene transfer is essential before using zebra mussels to treat 

water. 

A laboratory and field study of Escherichia coli (SLV 082) and Enterococcus faecalis (SLV 051) 

bacteria isolated from water and D. polymorpha (from Lake Erken, Sweden) showed a high 

resistance to at least one antibiotic, form sewage collected in the Uppsala waste water treatment 

plant, Kungsängsverket (Bighiu, 2012). In the same study during laboratory studies almost 50 % of 

those bacteria found in mussels displayed multiple drug resistance, the frequency of multiple drug 
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resistance was higher in the mussels than in the ambient environment (Bighiu, 2012). Bivalves 

containing traces of antibiotics may act as reservoirs for antibiotic resistance (Bighiu, 2012).  

As seen above evidence exists for conjugal transfer of antibiotic resistance in aquatic environments 

between Enterococcus spp. Bacteria (Enterococcus spp.) are present in high numbers in bivalve 

species, what role do filter feeding bivalves play in the transfer of antibiotic resistance. This study 

investigates whether filter feeding by Dreissena polymorpha has an effect on vancomycin 

resistance transfer in Enterococcus faecalis.  

Figure 5.1 shows the anatomy of a D. polymorpha. The outer surface of the mussel shell is exposed 

to ambient water conditions and bacterial concentrations, epibionts attach to the shell and biofilms 

form on the shell surface. Water is taken into the mussel through the inhalant aperture/siphon and 

washed over the ctenidium of the gills where particles are collected and moved to the labial palps. 

The mussels fused mantle, labial palps, digestive system, siphons and gills are all exposed to 

bacteria from the ambient water. Pseudofaeces and feces which contain bacteria gathered in the 

gills and digestive system are extruded from the mussel. This study recorded the presence of 

transconjugants on various parts (outer shell surface, visceral mass, gills, and pseudofaeces) of the 

D. polymorpha anatomy for a greater understanding in the role of the filter feeder in HGT transfer 

efficiency. 

 

 

Figure 5.1. Copied from Yonge & Campbell, (1968). Diagram depicting the anatomy of D. 

polymorpha.  
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Objectives of this study 

5.4.        To investigate if mussels increase the transconjugant numbers in ambient water. 

5.5.        To compare transconjugant numbers from mussel shell, visceral mass, gills and 

pseudofaeces.  

5.6.        To investigate the impact of phytoplankton co-filtration by mussels on the quantity of 

transconjugants. 
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5.2 Methods 

 

5.2.1 Collection 

 

Dreissena polymorpha were collected from Ballinrees reservoir, picked by hand from small rocks 

(55°6'40.712''N, 6°45'21.751''W). All storage and experimentation of mussel were done using 

autoclaved river water collected from the Ballysally Burn (55°08'46.9"N 6°40'10.8"W). Mussels 

were stored in plastic tanks (20 x 20 x 30 cm), 20 mussels per tank, at ambient room temperature 

(5 to 15°C). 

 

 

4.2.2 Depuration 

 

When living in the natural environment the mussels were exposure to river water (Lower River 

Bann inflow into Ballinrees Reservoir) which may have contained a wide range of enterococci. UV 

treatment can be used to reduce the levels of enterococci, treatment is most effective when 

combined with other treatment processes (i.e. sedimentation, coagulation, chlorination) 

(Oppenheimer et al., 1997; Zyara et al., 2016). The type and intensity of UV light used also 

determines the efficiency of UV treatment (Oppenheimer et al., 1997). Water from the storage tanks 

was continually pumped (using a JED AP-600 7w submersible pump) through a tube (PVC, 30 ml 

diameter) exposing the water at a maximum distance of 5 ml to UV treatment (15W 3.7M IP68 

Waterproof Aquarium Fish Tank UV Light UV Sterilizer Lamp).  

 

Water from the plastic tank in which the mussels were stored was replaced every 24 hours with 

autoclaved aerated water from the Ballysally Burn. For each water change 1 ml water samples were 

plated on Slanetz and Bartley Medium (SBM) plates. Simultaneously for each water change a 

mussel was taken then, the flesh removed and crushed with a sterilised mortar and pestle, the residue 

was suspended in 1 ml PBS and plated on SBM plates. SBM is a very selective media used to isolate 

enterococci, the selectivity is accomplished when organisms that utilise a particular sugar not used 

by other organisms are place on a media with that given sugar as the only carbon source in the 

medium (Slanetz & Bartley., 1957). In the case of SBM the amounts and combinations of peptones 

in media particularly trypticase and phytone are the source of selectivity for favourable cultivation 

of enterococci (Slanetz & Bartley., 1957). After incubation at 35°C for 4 hours followed by 

incubation at 44.5°C for a further 44 hours, all red colonies observed were counted as enterococci 

colonies. If after 72 hours no red colonies were observed on the selective SBM plates then it was 

presumed that no enterococci were present and the mussels were used in the following experiments. 
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5.2.3 Bacterial strains & phytoplankton strain 

 

Conwell et al. (2017) isolated Enterococcus faecalis from a range of agrarian associated sources, 

these Enterococcus were assessed for latent ability to transfer antimicrobial resistance. From the 

Conwell et al. (2017) study, donor isolate MF06036VanA and recipient isolate MW01105Rif, stored 

at - 80 °C, were used in this study. Palmellopsis species was obtained from the SAG culture 

collection at the University of Goettingen Germany, strain number: SAG 52.90. 

 

5.2.4 Bacterial preparation 

For all experiments an overnight culture was prepared, for overnight cultures 10 ml of MF06036VanA 

(9 ml Tryptone Soya Broth (TSB), 1 ml culture) and 30 ml MW01105Rif (27 ml broth, 3 ml culture) 

were incubated at 37°C (Fig. 5.2). On the morning of each experiment a 90-min culture was started 

using the overnight culture, to have bacteria in the state of mid-exponential growth at the point 

when they were exposed to mussels. The 90-min cultures were incubated at 37°C. Parent counts of 

the 90-min culture were made by plating 20 µl aliquots of serial dilutions up to 10-6 as in Conwell 

et al. (2017), on Tryptone Soya Agar (TSA) plates, incubated at 37°C for 24 hours. The mixing rate 

of donor and recipient isolates was at a ratio of 1:9 as in Conwell et al. (2017). Because highest 

filtration rates have been observed between 10 and 20 °C, all experiments was carried out at ambient 

room temperature (Fanslow, 1995).  
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Figure 5.2. The experimental method used to test if mussels facilitate conjugal transfer of antibiotic 

resistance between E. faecalis (see appendix 4 for fuller details). 

 

 

5.2.5 Conjugation the main part of the experiment 

 

The method for this study was designed based on the methods used to observe conjugal transfer in 

freshwater sponges (Cartwright, 2018) and Daphnia Sp. (Olanrewaju et al., 2019). The main part 

of each experiment took place in disposable plastic drinking cups. In each experimental cup a 

mussel was placed with the required volume of autoclaved river water and bacteria along with 

specific control cups (see experiment specifics below). The mussels were left in these cups exposed 

to the bacteria at room temperature 17°C ± 1°C in a naturally sunlit room out of direct light during 

an afternoon for 5 hours.  

 

 

5.2.6 Plating the samples 

 

Following the 5 hours, 1 ml of water from each experimental cup was slowly extracted to avoid 

mixing the contents of the cup and plated on double selection SBM plates. 1 ml pseudofaeces 

samples were then collected from the bottom of the experimental cups and pipetted to 1.5 mL 

Eppendorfs, each sample was centrifuged for 2 minutes until the pseudofaeces had pelleted, pellets 

were resuspended in 1 ml PBS then plated on double selection SBM plates.  
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All water from each experimental cup was drained and the mussel lifted out using sterile tweezers. 

The external surface of the shell was washed in 1 ml PBS over the experimental cup, the mussel 

was moved to a pestle and washed in a second ml of PBS. The second wash sample was transferred 

to a double selection SBM plate. Wet mass of mussel parts were determined through differential 

weighing. The mussel was dried then weighed in a pestle to the nearest 0.01 g giving total weight 

of mussel. The mussel shell’s longest axis was measured with a calliper to 0.01 ml-1. The pestle was 

cleaned with 70 % ethanol and dried over the flame. The pestle was weighed. A sterile blade was 

used to open the mussel shell, the visceral mass was removed in to the pestle and the pestle weighed 

again differential weighing giving total weight of visceral mass and total weight of shell mass. The 

gills were removed by sterile blade and placed in the shell. The pestle was weighed again giving 

the weight of visceral mass minus the gills, consequently giving the gills weight. The visceral mass 

minus the gills were crushed in the pestle then suspended in 1 ml Phosphate Buffer Solution (PBS) 

and then spread on double selection SBM plates. The pestle and mortar were cleaned with 70 % 

ethanol and dried over the flame. The gills were transferred by a sterile blade to the pestle, then 

crushed, suspended in 1 ml PBS and then spread on double selection SBM plates.  

 

Selective media can be used to further isolate organisms by addition of antibiotics, i.e. addition of 

Vancomycin to SBM selects for enterococci with vancomycin-resistance. Double selection SBM 

plates were first incubated for at 35°C for 4 hours followed by incubation at 44.5°C for 44 to 48 

hours. Double selection plates were made with standard 42.01 g/l Slanetz and Bartley Medium 

(CM0377 Oxoid) with the minimum inhibitory levels of antibiotics; 100 ug/ml Rifampicin and 10 

ug/ml Vancomycin. All samples on TSA and SBM plates were counted using a Gallenkamp colony 

counter. 

 

 

5.2.7 Experiment specifics (see appendix 4 for this information in a table)  

 

Experiment 5.1 (Conjugation in and on mussels). The 90-min culture consisted of 24 ml 

MF06036VanA (9 ml broth, 1 ml culture x 3 = 30 ml) and 216 ml MW01105Rif (18 ml broth, 2 ml 

culture x 11 = 220 ml). In each cup a mussel was placed with 180 ml autoclaved river water and 20 

ml of 90-min bacterial culture (18 ml MW01105Rif and 2 ml MF06036VanA). There were 9 replicate 

samples, 1 mussel per sample, 3 control cups with no mussel and a cup with 200 ml autoclaved 

river water used as a temperature control. Samples collected included ambient water, shell surface 

wash, visceral mass and gills for all 9 samples, pseudofaeces for 5 of the samples and ambient water 

samples for all controls. 
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Experiment 5.2 (Conjugation without algae). The 90-min culture consisted of 40 ml MF06036VanA 

(2 x 18 ml TSB, 2 ml culture) and 360 ml MW01105Rif (10 x 36 ml TSB, 4 ml culture).  In each 

cup a mussel was placed with 90 ml autoclaved river water. 12 cups each had 9 ml MW01105Rif 

and 1 ml MF06036VanA. 3 control cups only 9 ml MW01105Rif with a mussel each. 3 control cups 

had only 1 ml MF06036VanA with a mussel each. 3 controls had only 9 ml MW01105Rif and 1 ml 

MF06036VanA with no mussel. And a cup with 100 ml autoclaved river water used as a temperature 

control. Samples collected included ambient water, shell surface wash, visceral mass, gills and 

pseudofaeces for all samples and ambient water for all controls.  

 

Experiment 5.3 (Conjugation with algae). A replicate of experiment 3.2 with an additional 1ml of 

algae (Palmellopsis sp. algae 4.45 x 106 cell/ul) was also prepared for each of the samples. Samples 

collected included ambient water, shell surface wash, visceral mass, gills and pseudofaeces for all 

samples and ambient water for all controls.  

 

5.2.8 Transfer efficiency equations for experiments 2.2 and 2.3 

 

Parent counts from the 90-min culture were used to calculate the number of bacteria per ml that 

were used in the experiment. 

 

Equation 5.1 

Bacteria in 1 ml 90-min culture = Arithmetic mean parent count (0.02 ml x 50 = 1ml)  

                                                                      Dilution factor (0.000001) 

 

The bacteria from the 90-min culture were diluted in autoclaved river water for each experiment. 

MF06036VanA the donor strain of bacteria, is limiting, and therefore was used to calculate the 

transconjugants to donor ratio. The following equation was used to work out the number of donor 

bacteria in each experiment solution per ml of water. 

 

Equation 5.2 

Donor / ml water in experiment = Bacteria in 1 ml       x       Water dilution      

                                                       90-min culture          (i.e. 2 MF06036VanA /180ml water) 

 

The next equation was used to work out the transconjugant to donor ratio. Transfer efficiency of 

plasmids is measured by the number of transfer events (i.e. transconjugants) per donor present 

(Thomas & Nielsen, 2005). 
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Equation 5.3 

Transfer efficiency of                 =      Transconjugants (i.e. per mussel or mussel part)         

Transconjugants: Donor bacteria                    Donor / ml water in experiment 

 

In addition transfer efficiency by weight and by length of mussels was calculated using the 

following  

                                                                                                                                                              

Equation 5.4 

Transconjugants per gram = Total number of transconjugants (per mussel or per mussel part)  

                                                                        Total grams (of mussel or mussel part) 

 

Equation 5.5 

Transconjugants per mm2 = Total number of transconjugants                                        

                                                       Total mussel length mm2 

 

 

5.2.9 Statistical analysis 

 

Data for transconjugants was displayed using Tukey style box-whisker plots for each experiment. 

Data for each treatment (water, shell, visceral mass, gills and pseudofaeces) were tested for 

normality using the Kolmogorov-Smirnov test. For data that was not normally distributed, the non-

parametric Kruskal-Wallis test was used with a significance level of 0.05. Followed by post-hoc 

tests of pairwise comparisons between groups using Mann-Whitney U tests with Bonferroni 

corrections. 
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5.3 Results 

 

This study set out to investigate whether filter feeding by Dreissena polymorpha has an effect on 

vancomycin resistance transfer in Enterococcus faecalis. Well characterised strains (donor isolate 

MF06036VanA and recipient isolate MW01105Rif) that have been demonstrated to pass on 

vancomycin resistance under laboratory conditions were chosen (Conwell et al., 2017). Dreissena 

polymorpha mussels were exposed to these strains under laboratory conditions with and without 

phytoplankton present. The ambient water, mussel shell, visceral mass, gills and pseudofaeces were 

examined for the presence of transconjugants.  

In experiment 5.1 presumed transconjugants were present in mussel shell wash, visceral mass, gills 

and pseudofaeces (Fig. 5.3). No presumed transconjugants were found in the ambient water or 

control samples. However the numbers of transconjugants were not statistically significantly 

different between all groups (H = 6.34, d.f. = 4, P = 0.175).  

 

Figure 5.3. Experiment 5.1. Presumed transconjugants from samples of mussel members, 

pseudofaeces and ambient water on double selection plates. Samples n = 9, 1 mussel per n, 

(pseudofaeces n = 5, MW01105Rif / MF06036VanA control n = 2). * = extreme outlier. 
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The circular raised colonies are what one would expect a successful transconjugant colony to appear 

as. The small dark red colonies (Fig. 5.4) were a concern as they were found on many of the double 

selection plates applied with MW01105Rif controls and pseudofaeces samples. Initially concerned 

that the MW01105Rif were able to grow on double selection plates. Mussels from the same batch 

were applied to double selection plates before experiments took place, nothing grew on the plates. 

Although this did not guarantee that resistant bacteria had not been present in the mussels used for 

our experiments it is unlikely that resistant bacteria were supplied by the mussel. Fresh cultures of 

MW01105Rif and MF06036VanA were started for each experiment from stocks of the resistant strains 

stored at - 80 °C. As the small flat dark red features did not grow after 72 hours into large dark red, 

circular, raised colonies (colonies that one would understand to be the result of transconjugation), 

the conclusion of this study was that these dark red features were the formation of small crystal 

aggregates.  

 

  

Figure 5.4. Left. Double selection plate 36 h after application of the pseudofaeces sample; two 

presumed transconjugant colonies are clearly visible. Right. Upon clearer inspection the presumed 

transconjugant colonies appeared dark red, circular and raised, surrounded by hundreds to 

thousands of smaller features, dark red, irregular & flat presumed small crystal aggregates. 

In experiment 5.2 and 5.3 presumed transconjugants were present in mussel shell wash, visceral 

mass, and pseudofaeces (Fig. 5.5). Presumed transconjugants were found in a gill sample with algae 

from experiment 5.3 but not in gill samples from 5.2 without algae. No presumed transconjugants 

were found in the ambient water. 

The numbers of transconjugants were significantly different between all groups (H = 17.5, d.f. = 9, 

P = 0.42 ). In pairwise comparisons there were only significant differences between water and 

visceral mass (U = 42, P = 0.026), between visceral mass and gills (U = 7, P = 0.026), and between 

visceral mass without algae and water with algae (U = 7, P = 0.026). All other results were not 

statistically significant different by pairwise comparisons.  
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Two of the MW01105rif with algae controls behaved in an unexpected manner for experiment 3.3 

and grew a colony on double selection plates (Fig 5.5).  

 

Figure 5.5. Experiment 5.2 and 5.3. Presumed transconjugants on the double selection plates from 

mussel members, pseudofaeces and the control water they were in. (A) denotes results from samples 

with algae. Samples n = 7, 1 mussel per n (Control n = 3). ° = exceptions of outliers, * = extreme 

outlier.  

 

 

 

No transfer was observed in water alone, nor with water and algae. Therefore it appears that mussels 

and their pseudofaeces facilitated transfer. In mussels there was a maximal transfer efficiency of 

10-7, in the presence of algae maximal transfer efficiency within mussels increased to of 10-6 (table 

5.2). Overall mussel parts and pseudofaeces combined produced a slightly higher transfer efficiency 

when algae was added. 
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Table 5.2. The arithmetic means, standard error value and maximum transfer efficiency of 

transconjugant: donor ratios for mussel parts, mussel pseudofaeces both with and without algae 

from experiments 5.2 and 5.3. 

Samples Transconjugants : Donor 

Mean ± SE Maximum 

Shell, Visceral Mass, Gills 4.21 X 10-7 ±  1.49 x 10-7 9.82 x 10-7 

Pseudofeces 7.01 x 10-8 ± 7.01 x 10-8 4.91 x 10-7 

Total – Mussel & Pseudofeces 4.91 x 10-7 ± 1.86 x 10-7 1.23 x 10-6 

Shell, Visceral Mass, Gills with Algae 5.61 x 10-7 ± 2.19 x 10-7 1.47 x 10-6 

Pseudofeces with Algae 4.56 x 10-7 ± 3.41 x 10-7 2.45 x 10-6 

Total – Mussel, Pseudofeces with Algae 1.02 x 10-6 ± 4.06 x 10-7 3.19 x 10-6 

 

Presumed transconjugant colonies were tested for the presence of vanA resistance genes. Plates 

from the conjugation experiment with transconjugant colonies were sealed and kept in the fridge at 

4°C. No vanA gene could be detected from PCR amplification and agarose gel electrophoresis of 

vanA in parent E. faecalis strains and presumed transconjugant colonies from samples with and 

without algae including the two control samples of MW01105Rif with algae where transconjugants 

grew. A one month storage interval at 5°C may have led to at least partial DNA digestion by 

intracellular enzymes, as a potential explanation for the apparent absence of the vanA gene in 

agarose gel electrophoresis of the PCR amplification of vanA in parent E. faecalis strains and 

transconjugants. 

In addition transfer efficiency by weight (g) and by length (mm2) of mussels was calculated using 

the equations 5.4 and 5.5 (table 5.3). The number of transconjugants per gram and per mm2 show 

that the transfer efficiency in bivalves is higher with algae present. 

Table 5.3. The number of transconjugants in experiments 5.2 and 5.3 by weight (g) and by length 

(mm2) of mussels based on Equations 5.4 and 5.5.  

Transconjugants per g whole 

mussel 

per g visceral 

mass (-gill) 

per g gill per mm2 mussel 

Experiment 3.2 

without algae 

2.23  7.64  35.3 

 

98 

Experiment 3.3 

with algae 

2.44 7.08 35.56 112 
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5.4 Discussion 

 

5.4.1 To investigate if mussels increase transconjugant numbers in ambient water. 

 

Presumed transconjugants were observed on the double selection Slanetz & Bartley Medium from 

mussel members and mussel pseudofaeces. Transconjugants were not observed in the ambient water 

used during any experiment. This study suggests that mussels facilitate horizontal gene transfer by 

conjugation.  

 

5.4.2 To compare transconjugant numbers from mussel shell, gills, visceral mass and 

pseudofaeces.   

 

Location of conjugation   

Presumed transconjugants were present in mussel shell wash, visceral mass, gills and pseudofaeces 

samples. 

The visceral mass showed a statistically significant difference to ambient water suggesting the 

digestive tract as an important site for conjugal transfer. This is possibly because bacteria were 

amassed together in the digestive tract of the mussel, where there was time for growth and division 

of transconjugants during retention time of passage. Despite the risk of digestion of transconjugant 

bacteria there is evidence for a general suitability of the digestive tract from other studies. The 

digestive tract of house fly proved to be a suitable environment for HGT of conjugative plasmids 

(Akhtar et al., 2009). And plasmid mediated conjugal transfer has been observed in zebra fish 

(Danio rerio) in the intestinal region (primarily the hindgut) and faeces (Fu et al., 2017). Other 

studies have discovered that faecal bacteria and virus taken up by bivalve species such as Mytilus 

edulis and Crassostrea gigas are found in highest concentrations in the digestive gland and intestine 

content relative to labial palp, gills, mantle, foot, mussels and haemolymph; incidentally, 

concentrations of the same level were also found after depuration of the mussels (Dore & Lees, 

1995; Power & Collins, 1990). For these studies high concentrations of bacteria still in the gut after 

depuration suggested a not very effective depuration system; possibly this was due to a lack of 

available food during depuration, without abundant food mussels would have limited material to 

help them flush out their internal systems. For this study algae was used during experiment 5.3 but 

not for depuration of the mussels prior to experimentation. For future studies investigation of the 

role of algae in depuration of mussels could enhance the effectiveness of depuration prior to any 

conjugation experiments. 



156 
 

 
 

Maximal transfer efficiencies of 10-6 to 10-7 for mussel parts together (shell, visceral mass and gills) 

and pseudofaeces combined with and without algae were smaller than other environmental samples. 

Maximal transfer efficiency of conjugation in live sponges has been observed at 10-6 (Cartwright, 

2018). Other laboratory studies carried out at a rate of donor and recipient ratio of 1:10 found even 

higher transfer efficiency frequencies. Plasmid pMG1 isolated from gentamicin-resistant 

Enterococcus faecium transfers between E. faecium strains, and between E. faecium and E. faecalis 

strains at a (transfer) frequency of approximately 10-4 per donor cell after 3 h of broth mating (Ike 

et al., 1998). Transfer of bee locus (carried on a large conjugative Plasmid) to recipient E. faecalis 

strains by a conjugal filter mating process, at a frequency of 4 X 10-2 /recipient (3.2 X 10-1 /donor) 

(Tendolkar et al., 2006). These studies were able to conduct filter and broth mating at higher 

ambient temperatures more favourable to bacterial survival than this study, these higher 

temperatures did not account for lower temperatures found in the natural environment unlike this 

study which was conducted at ambient room temperature. Artificial laboratory conditions, as in the 

broth mating and filter mating processes, do not have the loss of bacteria to digestion that you would 

expect from a natural filter feeder. Although this study was still a laboratory experiment the matrix 

used was a filter feeder rather than an inert membrane polymer. By designing an experiment with a 

natural efficient filter feeder (D. polymorpha) this study is more environmentally relevant when 

considering the fate and likelihood of HGT in the natural environment.  

 

Before any experiments wild collected mussels underwent depuration, sub sample mussels were 

taken dissected and plated on Slanetz and Bartley Medium. This showed no bacterial growth, 

therefore resistant bacterial growth observed during experiments should have come from bacteria 

introduced during the experiment. Conwell et al, (2017), identified that genes vanA and 

erythromycin resistance gene ermB are transferred from donor isolate MF06036VanA to recipient 

isolate MW01105Rif. Whilst resistance genes were observed phenotypically in experiment results 

during this study, i.e. growth on plates treated with antibiotics, it was not known how many or 

which resistant genes were present. Time did not permit a genetic analysis by PCR (method as in 

Conwell et al., 2017) to test for the presence of vanA and ermB in recipient isolate MW01105Rif. 

For example it is possible that there were ARG present in E. faecalis or other Enterococci spp. that 

were viable but non-culturable or that other types of bacteria present may have potentially made 

their genes available to E. faecalis during the experiment. These apathetic bacteria may have been 

viable for HGT but not counted as transconjugants. DNA extraction and detection of ARG would 

produce a more reliable count of transfer efficiency. 

 

Survival of Enterococci in bivalves 

This study was not able to account for consumption of bacteria with ARGs. A study using Japanese 

littleneck clams (Ruditapes philippinarum) and Mediterranean mussels (Mytilus galloprovincialis) 
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found that mussels digested marine bacteria Photobacterium damselae (strain 04Ya311) with ARG 

oxytetracycline resistance gene tet (M) (Suzuki et al., 2018). The quantity of oxytetracycline 

resistance gene tet (M) increased rapidly in the bivalve digestive tract through filtration of the 

bacteria carrying the gene, 99.9% of the tet (M) was decomposed in bivalves as tet (M). The Suzuki 

et al, (2018) study supports the idea that the majority of digestible bacteria carrying ARGs may be 

consumed before sharing those genes. The health and filtration efficiency of D. polymorpha and 

the digestibility of E. faecalis used in this study all contribute to the transfer efficiency and 

detectable level of resistance observed in this study.  

 

Research on Mytilus enzymes (lysozyme) has shown that gram positive bacteria such as enterococci 

are less susceptible to digestive degradation of bacterial cell walls than gram negative bacteria such 

as E. coli (Birkbeck & McHenery, 1982; Plusquellec et al., 1983). If this is common across multiple 

mussel species this would explain increased chances for successful survival and subsequent 

conjugation of E. faecalis within mussels.  

 

In natural settings (out of the laboratory in the sunshine) the number of transconjugants would 

possibly be lower due to solar radiation than found in this study. Bivalves protect enteric bacteria 

from solar radiation in surface waters potentially increasing the volume of bacteria available for 

conjugation (Burkhardt et al., 2000; Roslev et al., 2009). In natural shallow lakes like Lough Neagh 

this could increase the spread the ARGs though the natural aquatic environment.  

 

 

5.4.3 To investigate the impact of phytoplankton co-filtration by mussels on the quantity of 

transconjugants 

 

A higher transfer efficiency was observed when Palmellopsis sp. algae were present (i.e. ‘normal 

feeding situation’). As a whole diversity of bacteria and algae coexist within the natural 

environment it may be the case that bacterial aggregation (a central feature of pheromone mediated 

conjugation) is augmented by algal aggregation systems. Most enterococci produce hydrophobic 

peptides that result in the activation and production of a membrane protein that promotes 

aggregation of the donors and recipients (Thomas & Nielsen, 2005). These pheromone-inducible 

aggregation substance proteins of Enterococcus faecalis are essential for high efficiency 

conjugation of the sex pheromone plasmids (Waters & Dunny, 2001). Aggregation substances not 

only aided in bacterial cell aggregation, among a long list of benefits they also increased adhesion 

to host cells and increased adhesion to fibrin (Waters & Dunny, 2001). In addition conjugative 

plasmids enhance biofilm formation, conjugative pili act as cell adhesions, connecting the cells and 
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stabilising biofilm structures (Molin & Tolker-Nielsen, 2003). Feedback mechanisms between 

bacteria and algae are important elements of ecosystem function, e.g. in nutrient cycling. Bacteria 

can enhance algal growth and facilitate flocculation (Ramanan et al., 2016). Bacteria increase floc-

size of algae, positively changed calcium ions in gram-positive bacteria bind to negatively charged 

surfaces (Powell & Hill, 2014). Aggregation of algae enriched with heterotrophic bacteria makes it 

easier for filter feeders to increase the efficiency of accumulating bacteria that would be harder to 

accumulate if those bacteria remained freely suspended in the water column (Kramer et al., 2016). 

This idea has been taken further in that the tendency of a bacterial species to remain attached to a 

particular aggregate is a key way of identifying species specific accumulation of bacteria in bivalves 

or possibly in any filter feeder (Kramer et al., 2016). 

 

5.4.4 Limitations 

 

Two of the MW01105rif controls behaved in an unexpected manner for experiment 5.3, MW01105rif 

grew on double selection plates. Kristich et al, (2011) found that spontaneous rifampicin-resistant 

mutants of E. faecalis are readily isolated in vitro. Other current research projects at Ulster 

University using MW01105rif found that multiple subcultures from the glycerol stock caused the 

controls to develop resistance and subsequently they grow on double selective agar (Personal 

communication with Mary McCarron). For this study MW01105rif from the original glycerol stock 

was used to make the overnight cultures, eliminating the use of multiple subcultures. Other strains 

of MW01105Rif used at Ulster University from other studies have display a level of resistance to 

rifampicin, but the wildtypes did not grow in more than ~10 ug ml-1 (Personal communication with 

Mary McCarron). Other studies have found that MW01105rif could grow in over 512 ug ml-1 

rifampicin (Personal communication with Mary McCarron). Similarly they identified some van 

resistance genes in the van sensitive recipient genome, the recipient did not grow on vancomycin 

but occasionally some anomalies were noted (Personal communication with Mary McCarron). 

These resistance genes were not vanA or vanB but some rather unusual ones, still unknown but 

possibly the vanT gene, so there could be a case that vancomycin resistance is switching on for 

some reason (Personal communication with Mary McCarron). The vanT gene mostly confers 

resistance to vancomycin in Enterococcus gallinarum (Arias et al., 2000). Gene expression can be 

turned on and off also known as gene regulation, for a whole variety of reasons (Alberts et al., 

2002). Unexpressed antibiotic resistance genes (silent genes) are carried by bacterial genomes 

(Enne et al., 2006). Silent genes are seldom investigated this is of particular concern in clinical 

settings where a patient may be half-way through antibiotic treatment for a bacterial infection and 

the gene expression for antibiotic resistance turns on.  
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Resource and time constraint meant that gnotobiotic D. polymorpha could not be sourced or raised. 

This study searched for a method to obtain gnotobiotic mussels. Gonzaga (2013), attempted to 

obtain axenic Mytilus edulis larvae through disinfection treatment with hydrogen peroxide, 

chlorhexidine, and Sanocare HC and antibiotic treatment with 10 µg ml-1 quantities of antibiotic 

mixtures consisting of rifampicin, kanamycin, and ampicillin. Disinfection treatment proved 

insufficient to eliminate all microbial contaminants in addition to damaging mussel embryos. 

Antibiotic treatment whilst harmless to mussel embryos and able to diminished bacterial loads to 

undetectable levels for up to 24 hours, did not produce completely gnotobiotic mussels. Gonzaga 

(2013), concluded that the current method for obtaining axenic mussels was not yet finalised. 

Unable to source gnotobiotic D. polymorpha, wild D. polymorpha mussels were collected and used, 

even though they had been exposed to an unknown variety of microorganisms possibly enterococci. 

UV treatment with regular water change was used to reduce bacterial concentrations in collected 

mussels. Sub samples of mussels were taken from those treated and tested for the presence of 

enterococci using SBM, while no enterococci were found not all microorganisms could be removed.  

 

5.4.5 Dreissena Spp. may increase the risk of AMR transfers in the natural environment 

 

The introduction of D. polymorpha to Northern Ireland freshwater lakes and reservoirs has the 

potential to alter bacterial assemblages. Unlike seasonal filter feeders such as sponges and Dapniids, 

mussels are present year-round. In Saginaw Bay, Great Lakes, USA, D. polymorpha had both direct 

and indirect effects on bacteria populations (Cotner et al., 1995). In the inner eutrophic bay zebra 

mussels fed on the bacteria and had a negative impact on bacterial abundances (Cotner et al., 1995). 

Whereas in the outer oligotrophic bay the presence of zebra mussels were thought to assist positive 

impacts on bacterial abundances by concentrating and excreting vital nutrients such as nitrogen, 

phosphorous and carbon bound in inorganic and organic compounds (Cotner et al., 1995). 

Dreissena polymorpha are very effective at removing flagellated protozoans the main predators of 

bacteria in the Hudson River USA, as a result of this bacterial abundances in the river have doubled 

since the arrival of invasive zebra mussels; at the same time rotifer and tintinnid (also bacterial 

grazers) abundance in the Hudson also steeply declined since arrival of the D. polymorpha (Findlay 

et al., 1998).  In 1992 eighteen species of flagellated protozoans were recorded in Lough Neagh, up 

to 108 protozoan were found, including many Ciliates (tintinnids) and Sarcodines (Muqi & Wood, 

1999). In the same year three key species of rotifer were also found in Lough Neagh (Andrew & 

Fitzsimons, 1992). It is possible that D. polymorpha in Lough Neagh could also effectively remove 

bacterial grazers from the water column.  
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The phylum Firmicutes, which includes Enterococcus faecalis, make up 0.42 % of the bacterial 

groups found in Lough Neagh (Skvortsov et al., 2016). Each bacterial group is likely to be affected 

by the filter feeding activity of D. polymorpha. It is still unclear how the bacterial assemblages of 

Lough Neagh will change overtime especially with the changing population densities of D. 

polymorpha. The presence of D. polymorpha in hypertrophic, polymictic, sewage supplied Lough 

Neagh raises potential for greater opportunity of AMR to spread. 

Treating waste water is a problem in good management of aquatic resources, because the filtration 

capabilities of D. polymorpha are so efficient and adaptable to water conditions they have been 

considered as bioprocessors of polluted water for biological industrial water treatment (Elliott et 

al., 2008; Reeders and de Vaate, 1992). Pseudofaeces production is increased as clay concentration 

increases up to 250 mg l-1 (MacIsaac & Rocha, 1995). The rate of AMR is likely to be increased in 

natural waterbodies like Lough Neagh where there are high concentrations of suspended clay 

particles and a potentially large supply of antibiotic material from urban and agricultural runoff. 

Although this would depend on the ratio of bacteria to particles and the particle properties (i.e. 

whether bacteria would attach or not). Combined with the knowledge that bacteria numbers 

proliferate in D. polymorpha in Eutrophic water. And the knowledge that HGT has a higher transfer 

efficiency in the presence of algae. The use of D. polymorpha in waste water treatment could be 

disastrous from a spread of AMR perspective. Further understanding the survival, reproduction and 

growth of bacteria and their horizontal gene transfer is essential before using zebra mussels to treat 

water. As is further understanding the relationship between Enterococci spp. and algae such as 

Palmellopsis sp. in conjugal transfer efficiency. 

 

 

5.4.6 Conclusions 

 

Mussel presence increases the transconjugant numbers in ambient water. Presumed transconjugants 

were observed in mussel shell wash, visceral mass, gills and pseudofaeces samples. The visceral 

mass showed a statistically significant difference to ambient water suggesting the digestive tract as 

an important site for conjugal transfer. The addition of phytoplankton increased the maximal 

transfer efficiency of conjugal transfer. 
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Chapter 6 Discussion  

 

6.1 Thesis synthesis 

 

This thesis addresses important issues of conservation and environmental pollution in the Neagh 

Bann Catchment that are associated with the bivalves Dreissena polymorpha and Margaritifera 

margaritifera. Chapters 1 and 2 identified and established that good management of Lough Neagh 

and its tributaries is essential for the survival of many animal species and the maintenance of 

ecosystem services. Both chapters reference the range of bio-engineering qualities bivalves bring 

to aquatic environments.  

This work is described in three experimental chapters. Considering the significant extent of biotic 

and abiotic changes that invasive zebra mussel populations have brought to many lakes, it is 

important that the zebra mussel abundance in Lough Neagh is quantified and monitored for 

informed management decisions. Chapter 3 mapped and considered the current extent of the 

Dreissena polymorpha population in Lough Neagh and the Lower River Bann.  

Pearl mussels rely on host fish for successful larvae development, without a suitable host fish 

population the mussels face extinction. Chapter 4 identified the glochidial host preference of 

Margaritifera margaritifera in the Ballinderry River, a tributary of Lough Neagh and recorded the 

glochidial density and survival.  

Both M. margaritifera and D. polymorpha have been considered as bioprocessors of polluted water 

that could be used for biological industrial water treatment (Al Mamun & Khan., 2011; Elliott et 

al., 2008; Reeders and de Vaate, 1992). Chapter 5 discovered that filter feeding by Dreissena 

polymorpha can play a facilitating role in the transfer of antimicrobial resistance between bacteria. 

The discussion explores these ideas further. 

 

6.2 Dreissena polymorpha in Lough Neagh 

 

The current population density and distribution of D. polymporpha in the Lough Neagh Catchment 

was unknown. The first experimental chapter (chapter 3) focused on the aim to investigate the 

current geographic distribution of D. polymorpha larval dispersal near shores of Lough Neagh, 

banks of the Lower Bann and a reservoir fed by water from the Lower Bann.  

The near shore presence and abundance of D. polymorpha larvae in Lough Neagh was surveyed 

from the collection of shoreline samples meeting objective 3.1. Thirteen sites around Lough Neagh 

were sampled for the presence of Dreissena polymorpha larvae between 2015 and 2017. Hypothesis 
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1 was confirmed. In surveys for this thesis the larval abundance of D. polymorpha in Lough Neagh 

was higher than in previous recorded population studies. Dreissena polymorpha were found on all 

shores of Lough Neagh. The highest density of D. polymorpha larvae was recorded in the south 

east of Lough Neagh, in Kinnego Bay. Dreissena polymorpha larvae were found for the first time 

on the north east of Lough Neagh, in Antrim Bay. They were also found on the west coast where 

they have not been recorded since 2006. Few D. polymorpha larvae were found along the east coast. 

This was surprising, as sessile adult populations of D. polymorpha had been located along the east 

coast in a previous study in 2013. Throughout the survey from 2015 to 2017 the larval abundance 

was not as high as expected for all sites across the lough. The abundance of larvae in Kinnego 

marina enabled observations on the larval recruitment periods. In 2015 D. polymorpha were 

observed in May, June, July and August. In 2016 D. polymorpha larvae were only observed in May, 

very few larvae were found in Lough Neagh in 2016. In 2017 D. polymorpha larvae were observed 

in July and August. Larvae densities were observed in two main peaks in 2015 (May & September) 

and 2017 (July & August), but there was only one peak in 2016 (April). Dreissena polymorpha 

larvae were not observed in high abundance for sustained periods of time suggesting quick 

settlement, high mortality or fast dispersion.  

 

Littoral and sublittoral presence and abundance of juvenile zebra mussels on shores of Lough Neagh 

and on banks of the Lower River Bann using mussel spat panels was monitored for objective 3.2. 

Mussel larval settlement panels were placed at twenty two sites across Northern Ireland, to identify 

the presence of zebra mussels in the Neagh Bann catchment. Hypothesis 2 was confirmed. The 

current D. polymorpha population in Lough Neagh expanded from its historic base, throughout the 

Neagh Bann catchment.  D. polymorpha was recorded at sites on all four shores of the Lough and 

downstream from Lough Neagh in the Lower River Bann and Ballinrees Reservoir where they had 

previously not been found. For the first time D. polymorpha presence was observed far beyond 

Lough Neagh, downstream, in the lower River Bann and in Ballinrees Reservoir.  Juvenile D. 

polymorpha settled in Lough Erne earlier in the year than at other sites, larval peaks appeared in 

August for Lough Erne and in October for Lough Neagh. Despite the wide distribution of D. 

polymorpha within the Neagh Bann catchment, sessile populations remained small except for 

Kinnego Bay and Ballinrees Reservoir. The highest settlement of juvenile D. polymorpha occurred 

at the control site Lough Erne further demonstrating the low level colonisation of zebra mussels in 

Lough Neagh. The same twenty two sites where larval settlement panels were placed were also 

sampled via shoreline littoral and snorkel surveys to identify visual presence of D. polymorpha. 

Shoreline investigations observed mussels washed up at three sites in Lough Neagh; Ballyronan, 

Antrim Rae’s Wood and at all sites in Kinnego Bay. During snorkelling investigations sightings of 

single adult mussels have shown that D. polymorpha are present in Lough Neagh at; Rams Island 
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Bay, Bayshore, Cranfield, Toomebridge, Toome canal mouth and Drumaheglis Marina. Dreissena 

polymorpha were observed in densities of hundreds per m2 on hard surfaces at Lough Erne, at all 

four Kinnego Bay sites and in Ballinrees reservoir. This study recommends the formation of a 

specific surveillance program of zebra mussel larvae and juveniles to map the long term trends of 

D. polymorpha in Lough Neagh. Ideally, such a program would not only continue previous 

monitoring practices but would also focus on gathering open lake/offshore D. polymorpha data. 

Understanding the population dynamics of D. polymorpha in Lough Neagh will help policy makers 

and managers of Lough Neagh to make informed decisions with regard to environmental 

management, water abstraction, fisheries management and sand dredging practices. The continued 

mapping of D. polymorpha geographic distribution in the lough and downstream water bodies and 

investigating its recruitment will provide valuable information for stakeholders involved in 

managing the ecological status of Lough Neagh and the sustainable use of its resources for future 

generations. 

 

The genetic structure of D. polymorpha from several sites and the mussel parasites were analysed, 

in order to infer the possible dispersal history of the zebra mussel invasion in the Neagh Bann 

catchment meeting objective 3.3. The DNA of D. polymorpha from four sites Lough Erne, Lough 

Neagh, the Lower Bann and Ballinrees Reservoir were extracted and compared to identify their 

similarity and try to identify the parent populations and spread of the mussel throughout the Neagh 

Bann catchment. No clear cluster of DNA samples suggests that there was little difference between 

the D. polymorpha populations at the four sites. It is likely that mussels at the four sites are related. 

Possibly adult mussels were moved from Lough Erne to Kinnego Bay Lough Neagh. From Kinnego 

Bay larvae have spread throughout Lough Neagh, the Lower Bann as far as Ballinrees Reservoir. 

Dreissena polymorpha from Lough Erne, Lough Neagh, the Lower River Bann and Ballinrees 

Reservoir were examined for parasites particularly the presence of C. acuminatus. All D. 

polymorpha examined from Lough Erne were infected with C. acuminatus. The majority of D. 

polymorpha examined from Kinnego bay in Lough Neagh were infected with C. acuminatus; this 

suggests that adult mussels had been introduced to Lough Neagh, as only adult mussels carry the 

parasite. No D. polymorpha examined from Toome or Ballinrees reservoir were infected with C. 

acuminatus; this suggests that these sites were invaded by larvae from upstream sources and not by 

introduction of adult mussels. This would support the genetic evidence, which indicated very little 

variance between zebra mussels in the Neagh Bann system. Accepted primers and procedures were 

used, a fragment of 710-bp of the cytochrome C oxidase subunit (COI) locus was amplified using 

primers LCO1490 and HCO2198 as in Folmer et al. (1994). Nevertheless, this study recommends 

further investigative work with more specific genetic primers, as this may provide more information 

on D. polymorpha populations in this catchment. For example AFLP-fingerprinting which has been 
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used to investigate the origin of D. polymorpha invasion and vector of introduction in Ireland 

(Pollux et al., 2003). Alternatively microsatellite marker DNA analysis, which would allow for 

higher resolution genetic data; not only has microsatellite marker DNA analysis been used to assess 

populations of D. polymorpha in Ireland, therefore providing baseline local data for comparison 

(Gosling et al., 2008), the process works and has successfully been used to identify unique lineages 

within the European North Atlantic salmon within Northern Ireland (Ensing et al., 2013).  

Understanding the how D. polymorpha populations on the island of Ireland have diverged and 

spread could help mitigate further introduction of other invasive species.  

 

The potential causes for the slow invasion of D. polymorpha in Lough Neagh were explored, with 

a particular focus on substrate availability and the role of wind action on potential resuspension of 

lake-bottom substrates by wind action in Lough Neagh meeting objective 3.4. The most interesting 

observation from this study has been the consistent low population of D. polymorpha in Lough 

Neagh. The potential inhibitors for this were explored. 85% of the substrate types within Lough 

Neagh are unsuitable for D. polymorpha settlement; these included Sand (ø 0.063 mm) 16 %, Sandy 

Mud (ø 0.002 - 0.063 mm) 1 %, Clay (ø 0.0063 mm) 1 % and Mud (ø 0.002) 66 %. Estimates of 

sedimentation rate from Lough Neagh and Kinnego Bay were made, based on equations from 

Douglas & Rippey (2000) using local recorded wind data from 2003 to 2017 and lake bathymetry. 

Estimates for Lough Neagh arithmetic mean total sedimentation rate remained low at 2.56 mg l-1 d-

1, however shallow inshore Kinnego Bay reached an arithmetic mean total sedimentation rate of 

33.03 mg l-1 d-1.Whilst only estimates, these figures give indications of the high sediment loads 

stirred up by surface winds that D. polymorpha have to deal with to survive in Lough Neagh. Water 

quality parameters temperature, dissolved oxygen content and electric conductivity were monitored 

but not found to exceed the tolerance range for D. polymorpha survival and replication. Other 

factors that may influence the population dynamics of D. polymorpha in Lough Neagh were 

discussed; trophic status of lake; phytoplankton, lipid content and fatty acids content; parasitism; 

competition for food and nutrients with other zooplankton such as Daphnia; and predation of larvae 

potentially by highly abundant copepod.  

The cause of low zebra mussel survival in Lough Neagh warrants further research. Understanding 

the cause behind the low numbers could help mitigate zebra mussels in other lakes worldwide. It 

would also be advantageous to continue with the pursuit of a management strategy focusing on 

mitigating further spread of the species, increasing the awareness of invasive species among the 

general public and focusing on defouling mussels from essential works such as extraction intake 

pipes and boats within Lough Neagh to further slow this species’ expansion in the Neagh Bann 

Catchment. 
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6.3 Margaritifera margaritifera glochidial survival in the Ballinderry River 

 

While D. polymorpha is notorious for its rapid expansion capacity, the freshwater pearl mussel 

Margaritifera margaritifera has been suffering a long-term decline in the Neagh Bann catchment 

due to historic exploitation and environmental degradation, i.e. water pollution and streambed 

siltation.  

The preferred fish host species for glochidia of the populations of Margaritifera margaritifera in 

the Ballinderry River, a tributary of Lough Neagh, was unknown. Determining glochidia host 

preference is essential for successful captive breeding of these indigenous mussels by conservation 

groups such as the Ballinderry Rivers Trust. Therefore, the second experimental chapter (chapter 

4) focused on the aim of identifying the glochidial host preference of the two genetically distinct 

populations of pearl mussel found in the Ballinderry River. 

To meet objective 4.1 the thesis investigated if Lower Ballinderry mussel glochidia encysted age 

0+ Salmo salar and age 0+ Salmo trutta in captivity. Hypothesis 3 was confirmed. Although a few 

0+ salmon were encysted, Margaritifera margaritifera clearly displayed a host preference in 

captivity for one particular salmonid species, Salmo trutta. 

This thesis also investigated if Upper Ballinderry mussel glochidia encysted age 0+ and 1+ Salmo 

salar and Salmo trutta 0+, 1+ and 2+ cohorts in captivity for objective 4.2. All fish groups bar 

Salmon 1+ were encysted. Trout were encysted at a much higher rate than salmon. Hypothesis 4 

was confirmed.  Margaritifera margaritifera from the upper and lower Ballinderry River 

populations displayed host preference in captivity for the same salmonid species, Salmo trutta. 

Hypothesis 5 was also confirmed. Older salmonid fish (1+ and 2+) and previously encysted 

salmonid fish had lower glochidial encystment rates than younger salmonid fish (0+). 

Furthermore, this thesis tested for differences in density and duration of glochidial gill encystement 

between the Salmo salar and Salmo trutta and individual cohorts of these species thus meeting 

objective 4.3. Glochidia were observed on S. trutta, in captivity, up to 12 months after encystment 

and showed a steady decline in glochidia density throughout those 12 months. 

For objective 4.4 this thesis observed if Salmo trutta which had remained unencysted in spite of 

exposure to upper Ballinderry glochidia at age 0+ became encysted when re-exposed age 1+ in 

captivity. Fish that had in the previous year been observed with no encysted glochidia, did become 

re-encysted the following year when exposed to glochidia. However, this result is to be treated with 

some caution, as this study was not able to determine if those fish had previously been encysted by 



166 
 

 
 

glochidia that had been unsuccessful in forming cysts, and therefore may have developed immunity 

due to contact with genetic material from glochidia. 

Conservation practice 

Both salmon and trout are known to carry the glochidia of M. margaratifera. However the glochidia 

from each genetically distinct adult populations of M. margaritifera display a preference for 

particular host species, there may be two genetically distinct populations with different host 

preferences within the same tributary (Hastie & Young, 2001). The ‘protocol for ex-situ 

conservation and reintroduction of the freshwater pearl mussel M. margaritifera in Northern 

Ireland’ point 9.5 highlights the management of host species “Where data are available, host 

specificity should be taken into consideration.” For example, glochidia in some rivers select salmon 

as hosts in preference to trout. “Preference should be given to salmon and trout from the parent 

river and not imported stock.” We know that Salmo trutta are the preferred host for freshwater pearl 

mussels in the Ballinderry River under captive breeding conditions however but both trout and 

salmon are used as glochidial hosts in the river. It is essential that good management practice of 

fish populations occurs to ensure the future survival of freshwater pearl mussel in the Ballinderry 

River. 

Geist et al (2018) identified two main conservation units of pearl mussel in Ireland: a mostly 

salmon‐dependent western cluster and a trout‐dependent central–eastern cluster. Geist et al (2018) 

recommended that the central–eastern populations would be best managed by captive breeding and 

augmentation, to prevent any further erosion of their genetic variability. In the case of the 

Ballinderry River it appears that the upper and lower M. margaratifiera populations both prefer S. 

trutta as a host in captive bred conditions, but in the wild will attach to both trout and salmon. This 

study highlights the importance of correct management of fish populations on a tributary and 

species basis. If just the Neagh Bann catchment was managed at a catchment scale or national level 

and salmon were given preferential protection, this could impair survival of Dollaghan trout and 

pearl mussels. Similarly, if pearl mussels are only bred on trout this may set up a bias against 

glochidial encystment to salmon. 

Sustainable conservation management of M. margaritifera populations requires understanding and 

appropriate management of host fish (Taeubert et al., 2010). Loss of host fish species results in 

depletion of pearl mussel populations, Ziuganov et al (1994) outlines two studies one in Russia 

where trout vanished from the Valdai River and another, where overfishing of salmon in four 

European countries led to a depletion of pearl mussel populations (Arnold, 1911; Wells et al., 1983). 

In 2012 conservation measures were taken to protect stocks of wild S. salar in Northern Ireland. A 

ban in the sale of rod caught S. salar was introduced in 2013. Legislation was introduced for 

mandatory catch and release of wild S. salar in recreational fishing from 2014. DAERA introduced 
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mandatory cessation of commercial netting of wild S. salar in 2014, in Northern Ireland. As a 

consequence, sampling stations around Northern Ireland have begun to see increases in the annual 

number of S. salar smolt (DAERA Fisheries Sector, 2017). While this is good news for S. salar, 

there is now potential for S. salar to have a competitive advantage over other fish species including 

the preferred (in captivity) host of M. margaritifera.  

This raises a provocative question of compatibility of pearl mussel and salmon protection in the 

Ballinderry River. Geist (2010), reviewed strategies for the conservation of pearl mussels. He 

highlighted the need for a synecological perspective, pearl mussel conservation cannot be viewed 

separate from host fish species therefore conservation practice must consider the interactions 

between species within the ecosystem and their requirements. After considering the single species 

and habitat orientated conservation strategies at local and global level, Geist (2010) suggested that 

conservation priorities must aim at conserving the evolutionary process on which the entire 

biodiversity depends. It is therefore essential that fisheries management policy change conducts 

risk assessments at a catchment scale preferably tributary level not just a national level in order to 

make good conservation and policy choices.  

Further questions arise from this study; if salmon were historically more successful in the 

Ballinderry River, how did the pearl mussels recruit? Did pearl mussel success depend on large 

standing stocks and a long generation time? How much have salmon and trout genetics changed 

within the Ballindery River and Neagh Bann Catchment? It is possible that host preference has 

changed over time? 

As disccussed in 4.5.3, the furture of Ballinderry River pearl mussels is dependant not just on 

fishery management but the management of the catchment on a trophic scale. Pearl mussels require 

naturally oligotrophic “high status” river conditions, the environmental management of the 

Ballinderry River should aim for “high status” in order to provide the best conditions for both the 

mussels and their host fish (British Standards Institution, 2017). 

 

6.4 Filter feeding bivalves facilitating antimicrobial resistance transfer 

 

Lough Neagh and its tributaries continue to be exposed to animal waste, wastewater and effluents 

from wastewater treatment plants and septic tank outflows. All of these sources transfer faecal 

bacteria into the aquatic environment, many of which carry an antimicrobial resistance. Multidrug 

resistance of bacteria is an emerging health threat. A facilitating role by filter feeders for the 

acquisition of multidrug resistance had been suggested e.g. by (Lupo et al., 2012). While it has only 

very recently been confirmed for zooplankton filter organisms (Olanrewaju et al., 2019) whose 

filtration capacity at population level typically shows large seasonal fluctuations, there has been no 
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supporting experimental evidence for bivalves, which can establish a permanent presence and 

sustain a much larger filtration activity throughout the year.  The third and final experimentation 

chapter (chapter 5) focused on the aim to investigate whether filter feeding by Dreissena 

polymorpha had an effect on the horizontal transfer of vancomycin resistance in Enterococcus 

faecalis.  

This thesis investigated if mussels increase the transconjugant numbers in ambient water meeting 

objective 5.1. Hypothesis 6 was confirmed. The number of waterborne transconjugants was higher 

in the presence of a mussel. Maximal transfer efficiencies of 10-6 to 10-7 for mussel parts together 

(shell, visceral mass and gills) and pseudofaeces combined with and without algae were observed. 

These transfer efficiencies were obtained under environmentally relevant conditions, wild collected 

mussels were used, temperature regimes were kept at ambient room temperature, and for some trials 

algae were added. This is important as many other HGT conjugation trials (i.e. Ike et al., 1998; 

Tendolkar et al., 2006) have used high temperatures favourable to bacteria but less environmentally 

relevant conditions.  

The introduction of zebra mussels to a lake where they have not previously been recorded could 

bring with it the potential for increased spread of AMR. Possibly this could apply to the introduction 

of any filter feeder to a lake. However, since filter feeders are already virtually present in every 

water body, a difference would only be noticeable, if transfer efficiencies were higher in an invasive 

species replacing or joining the filter feeders already in a water body. Maximal transfer efficiencies 

of 10-6 to 10-7 for mussels were in the same corridor as transfer efficiencies observed in daphniids 

(Olanrewaju et al., 2019). This suggests that there may be many more filter feeders with similar 

facilitating effect, and that the transfer efficiency due to their interaction with bacteria may be 

relatively independent of the individual filter feeding species. 

 

An interdisciplinary co-operation between water engineering, human medicine, veterinary science 

and ecology is essential for the mitigation, prevention and control of antibiotic resistance (Carvalho 

& Santos, 2016). Further research is needed to determine under which circumstances biofiltration 

can make a significant contribution to the presence of multidrug resistant bacteria in the 

environment. We have now some proofs of principle, but that does not tell us much about the risks 

of feedbacks into human society, e.g. through consumption of filter feeders or other animals that 

interact with them. 

 

This thesis compared transconjugant numbers from mussel shell, visceral mass, gills and 

pseudofaeces meeting objective 5.2. Hypothesis 7 was confirmed. The abundance of 

transconjugants was highest in the pseudofaeces relative to in the mussel shell, visceral mass or 

gills. The visceral mass showed a statistically significant difference to ambient water suggesting 
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the digestive tract as an important site for conjugal transfer. Plasmid mediated conjugal transfer has 

been recorded in the digestive tract of other invertebrates, e.g. in two Daphnia species (Olanrewaju 

et al., 2019) and in cockroaches (Anacarso et al., 2016).  

 

This thesis investigated the impact of phytoplankton co-filtration by mussels on the quantity of 

transconjugants meeting objective 5.3. Hypothesis 8 was confirmed. The presence of phytoplankton 

increased the transfer efficiency. A higher transfer efficiency was observed when Palmellopsis sp. 

algae were present. This is unsurprising as the algae not only increase the incentive for mussel 

filterfeeding activity, but the algal surfaces may also act as docking sites for attachment of bacteria 

and subsequent aggregation as a precondition for conjugation (Powell & Hill, 2014). Zebra mussel 

adults and larvae selectively feed on phytoplankton over detritus particles; however, mussels appear 

to prefer mixtures of bacteria and algae, e.g. green alga Scenedesmus with cyanobacterium 

Microcystis over just Scenedesmus alone (Pires et al., 2004). 

Because the filtration capabilities of D. polymorpha are so efficient and adaptable to water 

conditions, they have even been considered as bioprocessors of polluted water for biological 

industrial water treatment (Elliott et al., 2008; Reeders & de Vaate, 1992). There is potential for 

filter feeders to spread multidrug resistant bacteria in water column and sediments through the 

release of faeces and pseudofaeces aggregates. Improved understanding of the survival, 

reproduction and growth of bacteria and their horizontal gene transfer is essential before using zebra 

mussels to treat water. Similarly, it is important to understanding the relationship between 

Enterococcus spp. and algae such as Palmellopsis sp. in conjugal transfer efficiency, in order to 

assess the risks of faecal transfers into natural aquatic environments. 

 

A European study found that the highest concentration of antibiotics in the aqueous environment 

were found in wastewater treatment plants, subsequently antibiotics enter the natural environment 

through the effluents released from WWTPs (Carvalho & Santos, 2016). A request was made to the 

Northern Ireland government in 2013 for Northern Ireland Water to release information on all the 

watercourses in Northern Ireland that receive discharged treated sewage waste from Northern 

Ireland Water facilities. NIW in 2013 held 1,058 consents from the Northern Ireland Environment 

Agency for discharges from wastewater treatment works to watercourses (Northern Ireland 

Assembly, 2013). 127 of these sites release discharge from wastewater treatment works into water 

courses within the Neagh Bann catchment (Northern Ireland Assembly, 2013). Is AMR being 

considered by the Lough Neagh partnership, as Lough Neagh is a drinking source for NI are efforts 

being made to reduce the risks and treat water effectively? The Drinking Water Inspectorate (DWI) 

a group within the Northern Ireland Environment Agency independently audit drinking water 

facilities in Northern Ireland against more than 50 legal standards. A standard of 0 Enterococci per 
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100 mL is enforced, the presence of enterococci in the water results in immediate action to find and 

remove the source of faecal contamination (http://dwi.defra.gov.uk/consumers/advice-

leaflets/standards.pdf). This would make human exposure to multidrug resistant enterococci 

through drinking water quite unlikely. Other potential AMR feedback routes from aquatic 

environments to human society involve recreational use and consumption of food from such 

sources.  

Lough Neagh is promoted as a tourist destination for recreational use, especially in Kinnego Bay. 

For inland bathing waters the bathing water directive’s (2006/7/EC) limit values for faecal indicator 

bacteria are quite high considering that WHO data suggest an infection risk for gastrointestinal 

illness of > 5 % at more than 200 cfu / 100mL. For intestinal enterococci, for 100 mL samples an 

excellent quality rating is set at 200 cfu for good quality at 400 cfu (both 95th percentiles) and for 

sufficient quality at 330 (90th percentile). Even if areas of Lough Neagh with frequent recreational 

activity usually comply with the limits for sufficient water quality, they are still exposed 

episodically high inputs i.e. from combined sewer overflows and slurry that has been washed off 

the land by intensive rainfall.  

Fish commercially caught in Lough Neagh is consumed both locally and in the European export 

market; the presence of multidrug resistant bacteria in fish stocks and food products from these 

sources is currently unknown. 
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Appendix 1. The 13 Lough Neagh Larval Sampling shoreline sites. 

Cranfield Rd. 
(54°42'13.752''N, 6°21'43.452''W) 

Toomebridge 
(54°45'22.176''N, 6°27'51.983''W) 

 Antrim Shore Park  
(54°42'59.004''N, 6°14'22.632''W) 

Northstone 
materials 

(54°40'1.133''N, 
6°16'44.488''W) 

Fisherman’s 
Quay 

(54°35'23.419''N, 
6°15'54.779''W) 

Bartins Bay 
(54°31'45.818''N, 
6°20'27.579''W) 

Kinnego Marina 
(54°29'22.344''N, 
6°21'52.361''W) 

Kinnego Point (Discovery Centre) 
(54°29'52.44''N, 6°22'49.152''W)  

Bayshore 
(Ardmore Rd.) 

(54°30'27.36''N, 
6°26'57.911''W) 

Maghery Country Park 
(54°30'47.952''N, 
6°34'11.568''W)  

Brocagh 
(54°33'37.116''N, 
6°35'42.108''W) 

Kinturk Point 
(Curran Quay) 

(54°39'4.536''N, 
6°30'27.864''W) 

Ballyronan 
Marina Point 

(54°42'41.292''N, 
6°31'35.867''W) 
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Toome Canal  
(54°44'42.936''N, 6°27'57.662''W) 

 

Outer Kinnego Marina 
(54°29'27.301''N, 6°22'3.799''W) 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2. The 22 Settlement panel, Snorkelling and Shoreline observation sites 

 

Cranfield Rd.  
(54°42'13.957''N, 6°21'43.588''W) 

Antrim Shore Park 
(54°42'54.501''N, 
6°14'29.266''W) 

Northstone materials 
(54°40'4.752''N, 
6°16'52.425''W) 

Fisherman’s Quay 
(54°35'23.419''N, 
6°15'54.779''W) 

Bartins Bay 
(54°31'45.818''N, 
6°20'27.579''W) 

Kinnego Marina 
(54°29'27.377''N, 
6°21'58.665''W) 

Kinnego Point Exposed 
(54°29'50.132''N, 6°22'55.109''W) 

Bayshore (Ardmore 
Rd.) (54°30'27.36''N, 

6°26'57.911''W) 

Maghery Country Park 
(54°30'47.952''N, 
6°34'11.568''W) 

Brocagh (54°33'36.958''N, 
6°35'41.121''W) 

Kinturk Point (Curran 
Quay) (54°39'4.536''N, 

6°30'27.864''W) 

Ballyronan Marina Point 
(54°42'41.828''N, 
6°31'37.757''W) 

Kinnego Point Sheltered 
(54°29'51.799''N, 6°22'50.098''W) 

Ballinrees Reservoir 
(55°6'40.712''N, 6°45'21.751''W) 

Toome  
(54°45'17.975''N, 
6°27'49.872''W) 

Portneal Lodge 
(54.957581, -6.537836) 

Toome Canal 
(54°44'42.936''N, 
6°27'57.662''W) 

Drumaheglis Marina 

(55°3'57.142''N, 
6°35'20.851''W) 

Portglenone 
(54°52'25.095''N, 
6°28'53.135''W) 

Newferry Rd. 
(54°49'15.717''N, 
6°27'36.419''W) 

Manor House Lough Erne 
(54°25'43.392''N, 

7°41'1.654''W) 
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Appendix 3. Photo of 0 to 1+ Dollaghan variant Brown trout (Salmo trutta) used in the hatchery 

trials 
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Appendix 4 

 

 

 

 

 

 

 

Overnight 

(37°C) 

90-min (37°C) Parent 

count 

Main part of experiment Post experiment sample prep Double selection SBM plates 

Experiment 5.1 

10 ml  

MF06036Van

A   

(9 ml TSB, 1 

ml culture)  

 

30 ml  

MW01105Rif  

(27 ml TSB, 

3 ml culture) 

24 ml MF36 (9 

ml TSB, 1 ml 

culture x 3 = 30 

ml)  

 

216 ml MW05  

(18 ml TSB, 2 

ml culture x 11 

= 220 ml) 

For both 

bacteria 

plating 20 

µl aliquots 

of serial 

dilutions 

up to 10-6 

on TSA 

37°C for 

24 hours 

5 hours, sunlit room out of direct light, 17°C 

9 x samples (180 ml autoclaved river H20, 1 mussel, 

18 ml MW05 and 2 ml MF36) 

3 x MF36/MW05 control samples (180 ml 

autoclaved river H20, 0 mussel, 18 ml MW05 and 2 

ml MF36) 

1 x Temperature sample (200 ml autoclaved river 

H20, 1 thermometer) 

Shell’s longest axis was 

measured with a calliper  

Differential weighting used 

to calculate wet mass of 

shell, visceral mass (VM) & 

gills 

Pestle and mortar were 

used to crush VM and gills 

separately 

All Incubated at 35°C for 4 hours 

followed by incubation at 44.5°C 

for 44-48 hours 

9 x 1 ml water sample plated 

5 x 1 ml  pseudofaeces collected, 

centrifuged, pellets resuspended, 

then plated 

9 x External shell surface 

washed in PBS transferred to 

plate 

9 x Crushed VM and gills 

separately suspended in PBS and 

transferred to plate 

M
W

0
5

 

M
F3

6 

A
u

to
cl

av
ed

 H
2
0 

 

M
W

0
5

 

M
F3

6 
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Overnight 

(37°C) 

90-min (37°C) Parent 

count 

Experiment Post experiment sample prep  Double selection SBM plates 

Experiment 5.2 

10 ml  

MF06036Van

A  (9 ml 

TSB, 1 ml 

culture)  

 

30 ml  

MW01105Rif  

(27 ml TSB, 

2 ml culture)  

40 ml MF36 (2 

x 18 ml TSB, 2 

ml culture)  

 

360 ml MW05 

(10 x 36 ml 

TSB, 4 ml 

culture)  

For both 

bacteria 

plating 20 

µl aliquots 

of serial 

dilutions 

up to 10-6 

TSA 

37°C for 

24 hours 

5 hours, sunlit room out of direct light, 17°C 

7 x samples (90 ml autoclaved river H20, 1 mussel, 

9 ml MW05 and 1 ml MF36) 

3 x MF36/MW05 control samples (90 ml 

autoclaved river H20, 0 mussel, 9 ml MW05 and 1 

ml MF36) 

3 x MF36 control samples (90 ml autoclaved H20, 

1 mussel, 1 ml MF36) 

3 x MW05 control samples (90 ml autoclaved H20, 

1 mussel, 9 ml MW05) 

1 x Temperature sample (100 ml autoclaved river 

H20, 1 thermometer) 

Shell’s longest axis was 

measured with a calliper  

Differential weighting used 

to calculate wet mass of 

shell, visceral mass (VM) & 

gills 

Pestle and mortar were 

used to crush VM and gills 

separately 

All Incubated at 35°C for 4 hours 

followed by incubation at 44.5°C 

for 44-48 hours 

7 x 1 ml water sample plated 

7 x 1 ml  pseudofaeces collected, 

centrifuged, pellets resuspended, 

then plated 

7 x External shell surface 

washed in PBS transferred to 

plate 

7 x Crushed VM and gills 

separately suspended in PBS and 

transferred to plate 

Experiment 5.3 

10 ml  

MF06036Van

A  (9 ml 

TSB, 1 ml 

culture)  

 

30 ml 

MW05 (27 

ml TSB, 2 

ml culture) 

40 ml MF36 (2 

x 18 ml TSB, 2 

ml culture)  

 

360 ml MW05 

(10 x 36 ml 

TSB, 4 ml 

culture) 

For both 

bacteria 

plating 20 

µl aliquots 

of serial 

dilutions 

up to 10-6 

TSA 

37°C for 

24 hours 

5 hours, sunlit room out of direct light, 17°C 

7 x samples (90 ml autoclaved river H20, 1 ml 

Palmellopsis sp., 1 mussel, 9 ml MW05 and 1 ml 

MF36) 

3 x MF36/MW05 control samples (90 ml 

autoclaved river H20, 1 ml Palmellopsis sp., 0 

mussel, 9 ml MW05 and 1 ml MF36) 

3 x MF36 control samples (90 ml autoclaved H20, 

1 ml Palmellopsis sp., 1 mussel, 1 ml MF36) 

3 x MW05 control samples (90 ml autoclaved H20, 

1 ml Palmellopsis sp., 1 mussel, 9 ml MW05) 

1 x Temperature sample (100 ml autoclaved river 

H20,  1 ml Palmellopsis, 1 thermometer)  

Shell’s longest axis was 

measured with a calliper  

Differential weighting used 

to calculate wet mass of 

shell, visceral mass (VM) & 

gills 

Pestle and mortar were 

used to crush VM and gills 

separately 

All Incubated at 35°C for 4 hours 

followed by incubation at 44.5°C 

for 44-48 hours 

7 x 1 ml water sample plated 

7 x 1 ml  pseudofaeces collected, 

centrifuged, pellets resuspended, 

then plated 

7 x External shell surface 

washed in PBS transferred to 

plate 

7 x Crushed VM and gills 

separately suspended in PBS and 

transferred to plate 
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Appendix 5.1 Gape sensor background  

 

Unfavourable conditions cause mussels to close their two valves protecting the organism inside 

(Ruppert & Barnes, 1994). Literature on the different types of valve gape methods and sensors was 

reviewed to select the optimal strategy for monitoring mussel gaping behaviour and potential for 

using gaping behaviour as a measure of filtration activity. Initial studies attempted to measure the 

gape angle by direct observation. Marie et al, (2007) used an automated image acquisition and 

analysis system to determine the difference between gape angle, siphon area and pumping rate; 

however this method did not provide satisfactory results for measuring in the dark or in concentrated 

suspended matter. A remote sensing approach to measuring bivalve gaping behaviour began with 

Redpath and Davenport (1988) who used a strain gauge to monitor Mytilus edulis shell gape, they 

combined this with a continuous measurement of water flow through individual mussels, to study 

the effects of copper, zinc and cadmium on pumping rate.  

DeZwart et al. (1995) published their practical experiences with the commercially available 

biological early warning system called the ‘Mosselmonitor’. Two electromagnetic sensors were 

attached to each shell valve of a mussel; the input was processed by a microcomputer. If the mussel 

valves remained closed for a pre-programmed amount of time, which was unusual to the specimen’s 

normal behaviour, an alarm was set of to warn the handler that the water quality may be causing 

the mussel to close. 

 

Wilson et al. (2005), realised the potential of the Hall Effect sensor to quantify and reveal the secret 

behaviour of bivalves; they noticed that there was a link between valve gape rhythms and the time 

of day. Hall Effect sensors were used to test the reaction of Mytilus edulis towards predators using 

the valve gape angle. Mussels displayed a complex reaction to predation indicating that there may 

be a trade-off between effective feeding and likelihood of predation (Robson, Wilson & de Leaniz, 

2007). The valve gape of a Mediterranean mussel Pinna nobilis was monitored in situ over the 

period of a month to demonstrate circadian and circalunar rhythms. The sensor used was formed by 

four encapsulated reeds activated by a magnet, as the valves opened the reeds moved triggering a 

data logger to record time and position of the reeds (Garia-March, Solsona & Garcia-Carrascosa, 

2008). Gnyubkin (2009) designed an early warning system using Mytilus galloprovincialis. If the 

aquatic environment state around the mussel species was unfavourable, the valves would close. 

Analog recorders received this information from a number of Hall Effect sensors. If the number of 

closed valves reached a threshold, a warning would be sent out to a mobile phones. 

Robson et al, (2009) investigated the valve gape and exhalent pumping in four bivalves; Mytilus 

edulis, Mytilus trossulus, Pecten maximus and Cerastoderma edule. Gape angles were measured 

using Hall Effect sensors. Bivalve pumping was measured by attaching a Hall Effect sensor to PVC 
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tubing, as the bivalve pumped the tubing placed next to the bivalve siphons moved, the degree of 

movement was picked up by the Hall Effect sensor. Robson et al, (2009) concluded that correct 

temporal resolution (sampling frequency) is critical to defining the quantity and form of bivalve 

behavioural events. Their study also showed that pumping rate varies, even if gape remains 

consistently open. Robson et al, (2010 b) using the same methods as Robson et al, (2009) showed 

that anthropogenic food deprivation altered the natural feeding and circadian rhythms of Mytilus 

edulis. Robson et al, (2010 a) again using the same method, observed the valve gape behaviour of 

Mytilis edulis to varying levels of food availability and to varying levels of predation threat. 

Increased food availability led to a daily increase of valve gape angle. 

Dowd and Somero (2013) observed the behaviour and survival of Mytilus edulis after a period of 

elevated body temperature. To measure the valve gape angle he used a similar method to Robson 

et al, 2009, by attaching a Hall Effect sensor to one valve and a magnet encased in heat-shrink 

tubing to the other valve. The voltage output of a single Hall Effect sensor is sensitive to ambient 

temperature; Dowd and Somero (2013) tried to use this to create a temperature gauge from two Hall 

Effect Sensors; however, the Hall Effect sensor proved to be too insensitive to changes in 

temperature. Exposure to high body temperature resulted in less time with valves in the sealed 

position, most likely to avoid hypoxia-reoxygenation cycles and accompanying oxidative stress. 

Hall Effect sensors have also been attached to Pecten maximus, to assess the frequency of shell 

movements in relation to increased levels of suspended particular matter, in a lab based experiment 

using a paddle vortex resuspension tank (Szostek, Davies & Hinz, 2013). 

These studies show how effective the Hall Effect sensor is for measuring valve gape angle. 

However, bivalve gape angle is not always a good indicator of filtration rate. The correlation 

between valve gape and pumping rate is thought to result from co-correlation between valve gape 

and exhalent siphon area and between exhalent siphon area and pumping rate. Thus exhalent siphon 

area is a better indicator of pumping rate than valve gape (Marie et al. 2007). Incorporating the use 

of a Hall Effect sensor on a PVC strip or Bend sensor into the same circuit would allow 

simultaneous measurement of gape angle and pumping rate.  

 

Appendix 5.2 Method development 

The first challenge was water proofing the Hall Effect sensors. At first a range of epoxy glues were 

used to create a waterproof cover, these were based on methods from the background studies, see 

above, on remote sensing of mussel gaping behaviour, however these all leaked. With technical 

support this project developed a successful method for water proofing Hall Effect sensors (fig. 6.1). 

Method: 1. Bind the end of the connecting wire between the Hall Effect sensor and circuit board 

with electrical rubber tape, 2. Shrink heat shrink tubbing over the sensor, and rubber binding, 3. 
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While the heat shrink tubing is still hot crush the sensor end with a pair of pliers so that the end is 

sealed and water tight, 4. Bind the heat shrink tubbing with the wire between the sensor and the 

circuit with electrical rubber tape. 

 

 

Appendix figure 6.1. Water proof Hall Effect sensor ready to be attached to a mussel. Hall Effect 

sensor (HES), transparent heat shrink tubbing (HST), electrical rubber tape (ERT). 

Super glue was used to attach the Neodynium Disc Magnet (6 mm Dia) to one valve of a mussel 

and the Hall Effect sensor to the other valve of the same mussel (fig. 6.2).  

 

 

Appendix figure 6.2 M. margaritifera (Mussel) with waterproof Hall Effect sensor (HES) and 

magnet attached (M). 

 

Circuit design for eight gape sensors 

The circuit in figure 6.3, shows a waterproof housing with a circuit supporting eight Hall Effect 

waterproof sensors. The circuit was housed in a waterproof container so that it could be submerged 

in water with the mussels. Rubber end caps 13 mm acted as a waterproof plug to allow wires to run 

between the circuit and each hall effect sensor. Battery packs were encolsed along with the circuit 

inside the waterproof housing. Code (see below) was loaded onto the Arduino Compatible Nano 

4. ERT 
1. ERT 

2/3. HST 

HES 

HES 

M 

Mussel 
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v4, the Nano v4 when powered sent a signal to each sensor every 30 seconds. The returning signal 

was recorded by the Ardulog Data Logger V3 breakout board on an MicroSD card. For every 

mussel the gape angle was measured/recorded against the signal from each Hall Effect sensor.  

 

 

Appendix figure 6.3.Circuit for eight Hall Effect sensors. Includes rubber end caps 13 mm (cap), 

battery 

pack, Arduino Compatible Nano v4 (NANO-V4), Ardulog Data Logger V3 breakout board for 

MicroSD card (ARDULOG3), and 1uF 35 V Tantalum Bead Capacitors (Bead). 

 

The Arduino code (written by Hugo McGrogan) below was used to run the eight Hall Effect sensors 

from the circuit in appendix figure 6.3. Data was collected from the Hall Effect sensors every 30 

seconds. 

// data read and output to micro SD card 

#include<avr/io.h> 

#include<avr/interrupt.h> 

int ledPin = 13; 

int secs = 0; 

int mins = 0;                   

void setup() 

{ 

  Serial.begin(9600);   //  setup serial 

  pinMode(ledPin, OUTPUT); 

Battery 

Pack 
ARDULOG3 

NANO-V4 

cap 

Bead 
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    Serial.println("Test Line for Logger "); 

    cli(); 

  TCCR1A = 0; 

  TCCR1B = 0; 

    OCR1A = 15624; 

  TCCR1B |= (1 << WGM12); 

  TIMSK1 = (1 << TOIE1);   

  TCCR1B |= (1 << CS12); 

  TCCR1B |= (1 << CS10); 

  TIMSK1 |= (1 << OCIE1A); 

  sei(); 

} 

void loop() 

{ 

  int val = 0; 

  int totaler = 0; 

  int mean_out =0;  

  if (mins == 1){ 

   digitalWrite(ledPin, HIGH);  

    for(int analogPin = 0;analogPin <=7;analogPin++) 

    { 

      for(int ctr = 0;ctr <= 9;ctr++) 

      { 

        val = analogRead(analogPin);    // read the input pin 

        totaler += val; 

        delay(20); 

      } 

    mean_out = totaler/10; 

    Serial.print("\t");  

    Serial.print(mean_out); 

    totaler = 0; 

    } 

    Serial.println(); 

} 

  mins = 0; 

  digitalWrite(ledPin, LOW); 

} 
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ISR(TIMER1_COMPA_vect) 

{ 

  secs++; 

  if (secs == 60) mins++; 

  if (secs == 60) secs = 0; 

 } 

 

 

Appendix 5.3 Planned use of gape sensors and problems inhibiting project completion 

 

There were two main technical problems which held back this project; power supply and magnetic 

stones.  

To observe feeding, circadian and circalunar rhythms the circuits needed a reliable power supply 

for a period of weeks or more. Unfortunately, technical support was discontinued due to university 

staff cuts during this PhD project. Gape sensors in the field relied on batteries, technical problems 

with reliable power supply in cold field conditions led to a sharp drops in readings from gape 

sensors only few hours after they were deployed. Figure 6.4 gives an example output from the gape 

sensors attached to M. margaritifera mussel in the Ballinderry Rivers Trust hatchery. In the first 

half hour most mussels opened their valves and remained open. Over several hours the mussels 

made fine adjustments in gape angle and the majority of mussels maintained open valves. Several 

hours from the start of the experiment the voltage dropped for all mussels, within an hour the whole 

circuit stopped, the power had completely drained from the power supply. Without technical 

support the power supply problems unfortunately could not be resolved with in the time frame of 

this thesis. 

 

In the Ballinderry hatchery gape sensors attached to pearl mussels (3 to 4 cm in length) were 

deployed in tanks with semi-natural river conditions, the sensors were checked on a weekly basis 

for a few months. Every time the mussels were pulled out of the hatchery tanks to inspect the magnet 

and sensors were still attached, small magnetic stones were found attached to the magnets (fig. 6.5). 

The magnetic material in the stones affected readings from the pearl mussels. It was not clear 

whether the mussel gape angle had changed or a magnetic stone had come into contact with the 

magnet for a period of time. 

 

Had these problems been solved, gape sensors could have been used to enhance the findings in each 

chapter of this thesis. In chapter 3 gape sensors on zebra mussels in Kinnego Marina and Discovery 

Point both in Kinnego Bay Lough Neagh would have allowed a comparison of gaping behaviour 
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during different suspended sediment conditions. In chapter 4 an assessment of gaping behaviour in 

pearl mussels during breeding and periods of high sediment flow would have helped define gaping 

behaviour. In chapter 5 a measure of gaping behaviour would have confirmed, if mussel valves 

were open for the duration of conjugation trials.   

 

 

 

Appendix figure 6.4. Graph showing gape sensor results from M. margaritifera gaping behaviour 

over several hours, in semi natural river conditions.  

 

 

 

Appendic figure 6.5. Margaritifera margaritifera with sensor and magnet that has been left in 

running river water for a week, stone (S) with magnetic material attached to Neodynium magnet. 
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