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Abstract 

Invasive alien species (IAS) negatively impact freshwater ecosystems 

worldwide. As suppression and eradication techniques for established invader 

populations are often complex, costly and resource-intensive, the prevention of further 

invader spread is considered a key aspect of proactive management strategies. Despite 

this, the application of many proposed spread-prevention practices are frequently 

inhibited due to low practicality, high expense, undesirable non-target effects and a 

lack of known efficacy. Similarly, as suppression techniques are not always successful, 

or necessarily suitable for all field scenarios, there is a clear and urgent need to develop 

readily-available control methods, which maximise efficacy of treatment towards 

target species, but minimises broad-scale environmental damage. Accordingly, the 

development of simple but expeditious spread-prevention, control and eradication 

protocols remain a management priority. 

Here, the efficacy of various disinfectant solutions and thermal shock 

treatments to rapidly kill propagule stages of selected invasive species is assessed. The 

examined species included eight invasive macrophyte, Quagga (Dreissena bugensis) 

and Zebra (Dreissena polymorpha) mussels, Asian clam (Corbicula fluminea), killer 

shrimp (Dikerogammarus villosus), and bloody red shrimp (Hemimysis anomala). 

Each species was independently exposed to aquatic disinfectants or steam spray 

treatments (≥100 °C). Dikerogammarus villosus, and H. anomala were also exposed 

to disinfectant mist sprays. Overall, it appeared that the examined aquatic disinfectants 

will not completely prevent the spread of the assessed invasive macrophyte or bivalve 

species. However, disinfectant solutions efficaciously killed 100% of D. villosus, and 

H. anomala, even following mist spray treatments. Steam spray was also highly 
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effective, causing 100% mortality of all examined macrophyte, bivalve and crustacean 

species, even following short exposure times of ≤ 30 seconds.  

Further, this thesis demonstrated that cold thermal shock treatments, following 

an application of dry ice pellets (-78 °C), can be used to kill C. fluminea. Similarly, 

hot thermal shock treatments delivered through steam spray and open-flame burns 

(~1000 °C) also effectively killed adult D. polymorpha and substrate dwelling C. 

fluminea. This efficacy was especially evident when thermal treatments were applied 

following initial disruption of the substrate, or as combined cold and hot thermal shock 

applications. In general, although multiple applications may be needed for complete 

extermination to be achieved, thermal shock treatments appear to be an effective, rapid 

response mechanism to control and possibly eradicate low-water exposed bivalve 

populations.   

Although aquatic disinfectants will likely have a beneficial role within 

decontamination protocols, the innovative and simple technique of direct steam 

exposure can be used to improve biosecurity practices to inhibit the spread of invasive 

macrophytes, bivalves, and crustacean species. In particular, in-field decontamination 

stations could be established to facilitate the provision of biosecurity protocols at 

waterway exit and entry points. Although promising, further development of thermal 

shock treatments for suppression of IAS is required, especially to account for 

differences in the physical structure of habitats, and time of year.  

Overall, this thesis has developed a suite of tools for improved invader spread-

prevention and control. Although further research will be required to ascertain the 

reliability of the proposed tools under in situ conditions, this work represents a realistic 

starting-point for researchers to be built upon with more in-depth field assessments 

tailored to the unique requirements and challenges of different field sites. 
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The Chase is Better than the Catch 

In Another Time - Down the Line - Grind You Down 

One More Time - Ain’t My Crime - House Blues - I Got Mine 

Born To Lose - Limb from Limb - Live To Win 
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Chapter 1: 

Invaders must die: a general introduction 
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1.1 Biological invasions  

Biological invasions by non-native species are a major driver of biodiversity loss 

and the detrimental alteration of normal ecosystem functioning worldwide (Cardinale 

et al. 2012; Simberloff et al. 2013). Once established in a new region, many non-native 

species will quickly spread and can be extremely difficult to control or eradicate (Booy 

et al. 2017; Coughlan et al. 2018a,b; Chapter 7), as invasiveness is largely governed 

by dispersal opportunities and propagule pressure (Kolar & Lodge 2001). These non-

native organisms can be further categorised as invasive alien species (IAS), and 

although the mechanisms of invader impacts are not strongly linked to invasiveness 

(Ricciardi & Cohen 2007), IAS can frequently show especially deleterious effects 

whereby their establishment has wide-ranging negative consequences for the 

sustainability of ecosystem services, human health, and food security (Ceballos et al. 

2015; Bellard et al. 2016). As a result, ecosystems are more vulnerable to sudden 

shocks and disturbances, less resilient to climatic change, and less able to supply 

humans with ecosystem services (Cardinale et al. 2012). Therefore, biological 

invasions by IAS are fundamentally analogous to natural disasters, and require similar 

management strategies and resource commitments to mitigate impacts (Ricciardi et al. 

2011). However, despite widespread concern, not all IAS will cause detrimental 

ecosystem effects, with potential impacts often being benign or undetectable (Barney 

et al. 2013). Nevertheless, the precautionary principle, whereby actions are taken to 

ensure spread-prevention of non-native species, is considered the most optimal 

management approach (Booy et al. 2017; Piria et al. 2017). 

Although biological invasions can have detrimental impacts on ecosystems, the 

financial and social cost of IAS can be difficult to quantify (Hanely & Roberts 2019). 

Nevertheless, IAS present a variety of both direct and indirect negative socio-
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economic impacts, including the loss of natural capital, disruption of ecosystem 

services, devaluation of property, reduced opportunities for recreational activities, and 

increased management costs (Oreska & Aldridge 2011; Hussner et al. 2017; Zipp et 

al. 2019). In Europe, for example, the total annual costs of IAS have been estimated at 

approximately 12.5 billion EUR, but may exceed 20 billion EUR (Kettunen et al. 

2008). Globally, however, despite billions of dollars spent on controlling biological 

invasions, it is not always clear whether efforts are effective, and indeed, cost-effective 

(McConnachie et al. 2016). Prevention of the introduction of IAS is considered the 

most cost effective management option (Hussner et al. 2017), and unsuccessful spread-

prevention measures can result in costly pest management programmes (Hulme 2016). 

However, the cost of inaction, both economic and socio-economic, can be greater 

(Hanely & Roberts 2019).  

Currently, IAS are spreading at increasingly accelerated rates due to globalisation 

of trade and transport networks, which has created new pathways for the spread of 

damaging IAS (Hulme 2009; Zieritz et al. 2016), resulting in rapid accumulations of 

IAS (Ricciardi 2006; Seebens et al. 2017; 2018). With increasingly greater numbers 

of IAS arriving in new locations, invader spread is considered unlikely to saturate in 

the near future (Seebens et al. 2018). In particular, changing climate and anthropogenic 

alterations of ecosystems have been, and will continue to be, major contributing factors 

to IAS success and ecological impact (Rahel & Olden 2008). In essence, the process 

of biological invasions can be characterised by four main stages: transport, 

introduction, establishment and spread. Once a species has entered the Introduction 

phase, management strategies are required to shift from a preventive approach to 

control, containment and eradication measures. Therefore, there is a clear need to 

prevent the initial transport, introduction, and further spread of IAS (Crane et al. 2019; 
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Cuthbert et al. 2019; Chapters 2-6), while an improved capacity to control and 

eradicate established invader populations is also urgently required (Hussner et al. 

2017; Coughlan et al. 2018b; 2019a,c; Chapters 7-9).  

Importantly, IAS have been designated as a priority issue under the Convention 

on Biological Diversity (CBD) with Aichi Biodiversity Target 9 therein indicating that 

‘by 2020, invasive alien species and pathways be identified and prioritized, priority 

species controlled or eradicated, and measures are in place to manage pathways to 

prevent their introduction and establishment’ (CBD Strategic Plan for Biodiversity, 

2011-2020). Consequently, management of IAS has become a priority issue in both 

domestic and international environmental policy, such as EU Regulation 1143/2014, 

New Zealand Biosecurity Strategy, and the Great Britain Non-Native Species Strategy 

(EU 2014; GBNNSS 2015; PGNZ 2016). 

 

1.2 Freshwater invasive alien species 

Given their exposure to multiple transport pathways, aquatic ecosystems are 

considered especially vulnerable to biological invasions (Dudgeon et al. 2006; Piria et 

al. 2017). Unlike terrestrial habitats, submerged aquatic environments are particularly 

difficult to monitor and, as a result, invasions are often well advanced before they 

become apparent (Beric & MacIsaac 2015; Caffrey et al. 2016). Further, many 

anthropogenic activities such as angling and boating, and the ornamental plant and 

aquatic pet trades, have facilitated a substantial number of aquatic IAS introductions 

(Rixon et al. 2005; Gallardo & Aldridge 2013; Anderson et al. 2014). Consequently, 

aquatic IAS frequently impact the biotic and abiotic processes of freshwater 

ecosystems adversely (Ricciardi & MacIsaac 2011), whereby the presence IAS often 

results in the detrimental alteration of biodiversity, ecological functioning, and the 
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economic and social value of invaded waterways (Dudgeon et al. 2006; Sousa et al. 

2014). For instance, in Great Britain alone, the annual cost of controlling freshwater 

IAS has been estimated to be approximately £26.5 million (Oreska & Aldridge 2011). 

Yet, if management efforts were undertaken at all invader infested locations, the cost 

of freshwater IAS control would likely exceed £43.5 million per year (Oreska & 

Aldridge 2011). 

In particular, invasive macrophyte and invertebrate species, especially bivalves, 

can negatively impact the biotic and abiotic processes of freshwater systems, which 

frequently results in the detrimental modification of habitats, community dynamics 

and species assemblages (Schultz & Dibble 2012; Sousa et al. 2014). For example, 

invasive macrophytes can threaten ecosystem function and species assemblages due to 

their excessive growth and homogenisation of plant communities. Further, as 

dominant filter-feeders, invasive bivalves can alter ecosystem structure and function 

through increased water clarity and the physical modification of benthic habitats 

(Karatayev et al. 2015). Such changes can result in zooplankton declines (Kissman et 

al. 2010), and increased populations of both benthic invertebrates and submerged 

aquatic vegetation, resulting in benthic orientated food-web structures (Mayer et al. 

2002; Zhu et al. 2006; Miehls et al. 2009). In addition, more antagonistic invaders, 

such as crustacean species, can act as primary drivers of native population declines 

and local extinctions through trophic cascades, predation and competitive interactions 

(Ricciardi & MacIsaac 2011; Walsh et al. 2016). Although invader impacts can be 

highly context-dependent, resulting in a variation of impacts over temporal and spatial 

scales, IAS can affect numerous levels of ecological organization, including 

individuals (behaviour), populations (abundance, genetic structure), communities 
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(richness, food-web structure) and ecosystems (habitat structure, primarily production, 

nutrient dynamics)(Ricciardi & MacIsaac 2011; Sousa et al. 2014). 

 

1.3 Spread-prevention and suppression 

Invasive freshwater macrophytes and invertebrate species frequently shown a high 

degree of physiological and ecological plasticity (Sousa et al. 2014), and have a 

remarkable capacity for overland anthropogenic (Johnson et al. 2001; Rothlisberger et 

al. 2010; De Ventura et al. 2016) and even zoochorous dispersal (Coughlan et al. 

2017a,b). In particular, the probability of successful establishment of invader 

population is, to some extent, associated with propagule pressure, which is a combined 

measure of the number of propagules introduced and the frequency of introduction 

events (Lockwood et al. 2005). Accordingly, prevention of the introduction and 

secondary spread of IAS is the first line of defence, and biosecurity protocols designed 

to prevent invader spread have become a key aspect of management strategies 

(Anderson et al. 2015; Shannon et al. 2018; Coughlan et al. 2019b). However, there 

often exists only a limited understanding of the relative efficacies of proposed spread-

prevention procedures (Barbour et al. 2013; Anderson et al. 2015; Piria et al. 2017; 

Coughlan et al. 2018a; 2019b).Therefore, to curtail the spread of IAS, there is an 

urgent need for simple prevention protocols that minimise risk of spread yet remain 

user- and environmentally-friendly (Sutcliffe et al. 2018; Crane et al. 2019; Cuthbert 

et al. 2018; Shannon et al. 2018; Chapters 2-6). 

Biosecurity campaigns such as ‘Check, Clean, Dry’ in New Zealand and Great 

Britain have attempted to prevent invader spread through increased public awareness 

and the provision of practical decontamination guidance (Anderson et al. 2015; Piria 

et al. 2017; Coughlan et al. 2018a 2019b). In essence, the campaign promotes the use 
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of systematic checks of potential vectors such as footwear, clothing, nets, watercraft, 

trailers and vehicles, which is then followed by the physical removal of adhering 

organisms through cleaning procedures. However, despite highlighting the need to 

thoroughly clean equipment, recommendations concerning appropriate methods of 

disinfection are deficient. Finally, following systematic decontamination, extended 

drying times are recommended as a best practice protocol. Although simple and 

effective, extended drying times can be difficult to incorporate into daily working 

practices (Anderson et al. 2015; Sutcliffe et al. 2018). Further, the application of many 

proposed spread-prevention techniques are limited due to poor practicality, time 

restraints, lack of known efficacy, expense, and undesirable non-target effects 

(Barbour et al. 2013; Piria et al. 2017; Coughlan et al. 2019b; Crane et al. 2019).  

Currently, the use of both hot-water spray treatments (e.g. Anderson et al. 2015; 

Shannon et al. 2018) and virucidal disinfectant (e.g. Sebire et al. 2018) have been 

recommended as a means to improve spread-prevention strategies for IAS. However, 

although various governmental agencies and non-profit organisations, such as Inland 

Fisheries Ireland (Caffrey 2010), the Aquatic Nuisance Species Task Force (ANSTF 

2013), and Great Britain Non-Native Species Strategy (GBNNSS 2015), have 

endorsed hot water spray treatments for decontamination of equipment, the species-

specific efficacy of these thermal treatments is frequently unknown (Anderson et al. 

2015; Shannon et al. 2018; De Stasio et al. 2019). Similarly, although the species-

specific efficacy of treatments is often unknown (Sebire et al. 2018; De Stasio et al. 

2019), the use of virucidal disinfectants has been encouraged by government agencies 

to aid decontamination of equipment to prevent IAS spread (e.g. Inland Fisheries 

Ireland, Caffrey 2010; Wisconsin Department of Natural Resources, WIDNR 2019; 

Wyoming Game and Fish Department, WYGFD 2018). Therefore, more in-depth 
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assessment of thermal shock (i.e. exposure to a temperature beyond an organism’s 

physiological tolerance) and disinfectant treatments to prevent the spread of IAS is 

required. 

Recommended virucidal disinfectant are those designed for aquatic application, 

that are generally composed of ingredients that will rapidly become inert (Sebire et al. 

2018). In particular, the mode of action for selected disinfectant products (i.e. 

Virasure®/Virkon® Aquatic) primarily relies on the active ingredients of (~21%) 

potassium permonosulfate (Mitchell & Cole 2008; Stockton-Fiti & Moffitt 2017), 

while organic acids (Sulphamic acid and Malic acid), a buffer, a surfactant and sodium 

chloride facilitate overall stability of chemical interactions within a low pH (2.5-3 pH) 

environment with a high oxidizing capacity to maximise biocidal activity (Stockton 

2011; Barbour et al. 2013; Fish Vet Group 2015). Essentially, potassium 

permonosulfate acts as an oxidising agent to breakdown glycoproteins, which inhibits 

enzyme systems and degrades the integrity of the cell wall, resulting in cell death 

(Stockton 2011). However, it has been recommend that histological profiles of tissues 

obtained from test organisms are still required to truly understand the impact of these 

virocidial products plant and invertebrate species (Stockton-Fiti & Moffitt 2017). 

Additionally, it should be noted that the legality (i.e. regulatory status and/or 

health and safety concerns) of suggested spread-prevention and population control 

methods will need to be considered relevant to the jurisdiction where treatments are to 

occur. For example, although selected virucidal disinfectants (e.g. Virkon Aquatic®) 

can be legally used in some North American States to prevent the spread of plants and 

invertebrates (e.g. Wisconsin, USA), commonly used virucidal disinfectants are not 

registered for use as herbicides or insecticides within the European Union (Sebire et 

al. 2018). Therefore, under the Biocidal Products Directive (EC 1998), Virasure 
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Aquatic® and Virkon Aquatic® will need to be either licensed (or receive an extension 

of their current manufacturer approval) for these applications, or receive ministerial 

permission sought under emergency authorisation. However, these disinfectants are 

already used on a de facto basis, albeit on their perceived rather than proven 

effectiveness, to kill plant and invertebrate IAS. 

Thermal shock treatments, which can be considered the sudden or gradual 

exposure of organisms to hot or cold thermal regimes beyond their physiological 

tolerance, have previously been considered as a method of bivalve control (McMahon 

1979; McMahon & Ussery 1995; Spidle et al. 1995; Perepelizin & Boltovskoy 2011; 

Sousa et al. 2014). Thermal treatments may represent a more environmentally-friendly 

approach to population control of IAS, instead of using potentially more damaging 

chemical or physical treatment options with lingering effects (Gunasingh Masilamoni 

et al. 2002). Ultimately, hot thermal shock induced mortality of organisms can occur 

through various mechanism, such as denaturation and thermal coagulation of proteins, 

thermal inactivation of enzyme systems, inadequate oxygen supply and/or effects on 

membrane structure (Nielsen 1994). Alternatively, cold thermal shock caused by a 

reduced temperature can slow biochemical activities within an organism by decreasing 

physiological and molecular activities (Claudi & Mackie 1993), which can lead to the 

freezing of biological systems and death (Hicks & McMahon 2002).  

In addition to spread-prevention, management options for eradication or 

substantial suppression of established populations of freshwater IAS are often 

resource-intensive and expensive endeavours, which are frequently damaging to non-

target species (Caffrey et al. 2011b; Booy et al. 2017; Piria et al. 2017). In addition, 

population suppression techniques are not always successful, or necessarily suitable 

for all field scenarios, e.g. dredging and benthic barriers (Wittmann et al. 2012a,b; 
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Sheehan et al. 2014). Accordingly, the further development of simple but expeditious 

control protocols remains a management priority (Booy et al. 2017; Piria et al. 2017). 

Therefore, simple and readily available methodologies (e.g. thermal shock treatments), 

which maximise efficacy of treatment towards target species, whilst ideally 

minimising broad-scale environmental damage, urgently require assessment 

(Gunasingh Masilamoni et al. 2002; Wittmann et al. 2012b; Sheehan et al. 2014). 

 

1.4 Study species 

1.4.1 Field and laboratory biosecurity protocols  

During field collection, laboratory storage and experimentation, good biosecurity 

practices were observed at all times. At collection sites, any foreign material found 

adhering to equipment was physically removed, including surplus organisms, and 

returned to the source waterbody. In compliance with current best practice guidelines, 

all equipment used was allowed to soak in 2% Virkon Aquatic® ≥ 60 minutes, and 

scrubbed clean. Prior to reuse, equipment was allowed to dry for at least 24hrs at room 

temperature, i.e. ~21°C. After completion of the experimental work, surplus invasive 

macrophyte material was autoclaved and placed in a terrestrial compost system. 

Surplus invasive invertebrates, including bivalves and their empty shells, were 

exposed to 2% Virkon Aquatic® for 3–4 days. After which, invertebrate material was 

disposed of as biomedical waste. 

 

1.4.2 Invasive freshwater macrophytes  

Through the establishment of dense monospecific swards, invasive aquatic 

macrophytes can cause a reduction of invertebrate and fish diversity, and the 

deterioration of water quality (Schultz & Dibble 2012; Hussner et al. 2017). Dense 
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stands of vegetation can also increase flood risk, disrupt navigation, prevent water 

extraction, impeded irrigation, and reduce opportunities for recreational use of water 

bodies (Bowmer et al. 1995; Hussner et al. 2017). Notably, many aquatic macrophytes 

rely on vegetative reproduction as a mechanism for population growth, with 

fragmentation of stems being the most frequent method (Redekop et al. 2016). In 

response to abiotic factors such as wind and water currents, as well as biotic factors 

such as herbivores and shredders, aquatic macrophytes are frequently broken into stem 

fragments and these fragmentary propagules can become new viable plants (Hussner 

2009; Kuntz et al. 2014; Redekop et al. 2016). Such rapid reproduction and dispersal 

presents significant problems for the management of invasive macrophytes (Redekop 

et al. 2016). Although the dispersal potential of plant fragments will vary among 

species, exceptionally small (< 23 mm; Coughlan et al. 2018a) and even single node 

stem fragments can display substantial regeneration of biomass (Bickel 2015). 

 

1.4.1.1 African elodea, Lagarosiphon major 

Lagarosiphon major, (Ridl.) Moss 1928, is a canopy-forming submerged invasive 

macrophyte native to South Africa (Caffrey et al. 2010). In the Northern Hemisphere, 

L. major displays over-winter growth, and can achieve substantial biomass under 

conditions that are unsuitable for many native species, including within eutrophic 

waters (Martin & Coetzee 2014). Lagarosiphon major has a major negative impact on 

native plant communities, as it can grow in dense mats up to 2-3m deep, and it is 

considered to be exceptionally difficult to eradicate (Caffrey et al. 2010; Caffrey et al. 

2011b). 
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1.4.2.2 Australian swamp stonecrop, Crassula helmsii 

Crassula helmsii (Kirk) Cockayne, is an invasive submerged, emergent or semi-

terrestrial macrophyte, depending on the conditions of the waterbody into which it is 

introduced. Native to New Zealand and Australia, C. helmsii is considered a damaging 

invader that can form dense mats of growth in and around ponds, lakes, and reservoirs, 

consisting of both fully submerged and emergent growth. In addition, C. helmsii can 

outcompete most native plants and quickly form extensive monocultures. It has been 

shown to be notoriously difficult to control and eradicate (Dawson & Warman 1987; 

Sims & Sims 2016).  

 

1.4.2.3 Canadian waterweed, Elodea canadensis, and Nuttall’s pondweed, Elodea 

nuttallii 

Elodea canadensis and E. nuttallii are both perennial submerged aquatic 

macrophytes native to North America and invasive in Europe, Asia and Australasia 

(Vernon & Hamilton 2011). Both species, especially E. nuttallii, can rapidly dominate 

invaded systems, forming dense monocultures (Zehnsdorf et al. 2015). As both species 

can cause disruption of navigation, increased flood risk, and inhibit recreational 

activities, they remain a substantial and costly management concern (Oreska & 

Aldridge 2011; Hussner 2012; Hussner et al. 2017). 

 

1.4.2.4 Floating pennywort, Hydrocotyle ranunculoides 

Hydrocotyle ranunculoides L.f., is a perennial floating, rhizomatous aquatic plant 

species, that is thought to originate from Central and South America, and possibly 

southern areas of the United States (Newman & Dawson 1999). Once established, this 

macrophyte can form dens mats that overgrow waterbodies, which can prevent 
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navigation by watercraft, inhibit recreational activities, and adversely impact trophic 

dynamics and species assemblages (Simbanegavi et al. 2018).  

 

1.4.2.5 Leafy elodea, Egeria densa 

Native to South America, Egeria densa Planch, 1849, is a submersed perennial 

aquatic macrophyte that has become a widespread invasive species in Europe, North 

America, Central America, the Caribbean and Oceania. It has become a troublesome 

invasive species in freshwater waterbodes where it forms dense mats that out-compete 

native vegetation, disrupt recreational activities, and negatively impact trophic 

dynamics (Curt et al. 2010).  

 

1.4.3 Invasive freshwater invertebrate species  

Many invasive aquatic invertebrates, including bivalves, and amphipod and mysid 

crustaceans species, are often considered a major threat to the functioning and 

biodiversity of freshwater ecosystems worldwide (Higgins & Vander Zanden, 2010; 

Sousa et al. 2014; Karatayev et al. 2015). In particular, many invasive freshwater 

bivalves can act as ‘ecosystem engineers’ through modification of community and 

ecosystem dynamics. For example, nutrient cycling and energy flow, phytoplankton 

depletion, and competition for resources (Karatayev et al. 2007; Sousa et al. 2014). 

Moreover, macrofouling by bivalves of agricultural, municipal and water extraction 

systems, increased sedimentation rates, and the disruption of ecosystem regulating 

services, can represent a substantial economic burden (Karatayev et al. 2007). Further, 

freshwater IAS, such as crustacean species, can have profound ecosystem destabilizing 

effects, resulting in both bottom-up and top-down detrimental impacts upon freshwater 

food webs (Ricciardi & MacIsaac 2011; Iacarella et al. 2015). For example, increased 
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levels of direct predation pressure on other invertebrates and fish spawning can result 

in negative effects on freshwater communities (Dick et al. 2002; Rewicz et al. 2014).  

 

1.4.3.1 Asian clam, Corbicula fluminea  

The invasive Asian clam, (Corbicula fluminea Müller, 1774), is considered a high 

impact freshwater invader, which can dominate macroinvertebrate communities, 

physically alter benthic habitats, and modify community and ecosystem dynamics. 

Infestations of C. fluminea can represent a substantial economic burden (Karatayev et 

al. 2007). Now thought to be present across many  major river basins in Europe and 

the Americas (Karatayev et al. 2007; Gama et al. 2017), predicted rates of climatic 

change will likely increase the availability of suitable habitat within new river basins, 

especially at higher latitudes (Gama et al. 2017). Globally, although extensive 

eradication and control experiments have been conducted on C. fluminea (Wittmann 

et al. 2012a,b), none have been successful in providing substantial long-term 

management of C. fluminea populations (Wittmann et al. 2012a,b; Caffrey et al. 2016). 

 

1.4.3.2 Bloody-red mysid shrimp, Hemimysis anomala  

The Bloody-red mysid shrimp (Hemimysis anomala Sars, 1907), is a highly 

invasive, eurytolerant and ecosystem destabilizing crustacean species of Ponto-

Caspian origin, which has invaded North American and European waterways 

(Iacarella et al. 2015; Sinclair et al. 2016). Notably, H. anomala invasions can 

adversely affect populations of native zooplankton and mysid species, resulting in both 

bottom-up and top-down detrimental impacts in nearshore food webs (Iacarella et al. 

2015; Sinclair et al. 2016). 
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1.4.3.3 Killer shrimp, Dikerogammarus villosus 

The Killer shrimp, (Dikerogammarus villosus Sowinsky, 1894), is a highly 

invasive euryoecious amphipod crustacean native to the Ponto-Caspian region 

(Audzijonyte et al. 2008; Rewicz et al. 2014). It has spread and successfully colonised 

many of the major European inland lakes and reservoirs (Rewicz et al. 2014). Capable 

of destabilising ecosystems, D. villosus is an especially damaging invader that causes 

profound declines of native macroinvertebrate populations (Dick et al. 2002; Rewicz 

et al. 2014), and has been found to even prey upon fish eggs and larvae (Taylor & 

Dunn 2017). The propagule pressure associated with D. villosus is considered to be 

high, as one gravid female can hold up to 190 eggs (Pöckl 2009), therefore, the 

introduction of even one adult female may result in establishment, as has been 

observed for other amphipod species (Wellborn & Capps 2013). 

 

1.4.3.4 Quagga Dreissena bugensis, and Zebra mussels, Dreissena polymorpha 

Invasive bivalve species, such as Quagga, (Dreissena bugensis Andrusov, 1897), 

and Zebra mussels, (D. polymorpha Pallas, 1771), are considered a major threat to the 

function and biodiversity of freshwater ecosystems worldwide (Higgins & Vander 

Zanden 2010; Sousa et al. 2014; Karatayev et al. 2015). Native to the Ponto-Caspian 

region, as dominant filter-feeders, invasive Dreissena species can alter ecosystem 

structure and function through increased water clarity and the physical modification of 

benthic habitats (Karatayev et al. 2015). Such changes can result in zooplankton 

declines (Kissman et al. 2010), and increased populations of both benthic invertebrates 

and submerged aquatic vegetation, resulting in benthic orientated food-web structures 

(Mayer et al. 2002; Zhu et al. 2006; Miehls et al. 2009). In addition, Dreissena 

infestations are an expensive management burden impacting both industrial and 
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recreational water users, especially due to biofouling and impairment of water quality 

(Elliot et al. 2005; Oreska & Aldridge 2011).  

 

1.5 Thesis aims 

The overarching aim of my thesis was to devise effective biosecurity protocols for 

improved spread-prevention, control and eradication of aquatic invasive species. More 

specifically, multiple techniques to kill propagule stages for a variety of damaging IAS 

were assessed, as were possible control methods for bivalve infestations. In particular, 

while the efficacy of spread-prevention protocols are determined for selected invasive 

aquatic macrophytes, bivalves, and amphipod and mysid crustaceans, potential 

population control techniques are also assessed for bivalve species, especially C. 

fluminea.  

For spread-prevention, given that thermal and chemical techniques are 

increasingly used by various stakeholder groups to facilitate decontamination of 

equipment (e.g. Caffrey et al. 2010; De Stasio et al. 2019), hot water, steam, and 

commonly used virucidal disinfectants were assessed. Especially as current use of 

these techniques appears to be based on perceived rather than proven effectiveness to 

kill IAS (De Stasio et al. 2019). In addition, thermal shock treatments (dry ice and 

open-flame burns) were examined as a possible mechanism to control bivalves, given 

that simple thermal shock treatments can kill freshwater bivalves (McMahon 1979; 

(McMahon & Ussery 1995; Spidle et al. 1995; Gunasingh Masilamoni et al. 2002), 

whilst potentially minimising broad-scale environmental damage.    

More specifically, in Chapter 2, to curtail the spread of invasive macrophytes, I 

determined the efficacy of aquatic disinfectants (Virasure®/Virkon® Aquatic) to kill 

fragmentary propagule stages of damaging aquatic macrophytes. Further, in Chapter 
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3, to improve spread-prevention and disposal practices for clumps of plant material, I 

assessed the effectiveness of hot thermal shock treatments to kill layered clumps of 

invasive aquatic macrophytes.  

To address the continued spread of invasive freshwater invertebrate species, in 

Chapter 4, I examined the effectiveness of aquatic disinfectants and hot thermal shock 

treatments to kill highly invasive H. anomala and D. villosus. Building on this, in 

Chapters 5 and 6, I established the usefulness of disinfectant solutions and thermal 

shock treatments to curtail the spread of invasive bivalve species, C. fluminea, D. 

bugensis and D. polymorpha.  

In Chapter 7, using laboratory experiments, I determined the efficacy of a cold 

thermal shock treatment to facilitate population suppression, if not eradication of C. 

fluminea. Further developing the research direction, in Chapter 8, I assessed the 

efficacy of open-flame thermal shock application as a method of control for invasive 

C. fluminea. I then further examined and developed the application of hot thermal 

shock treatments for population control of C. fluminea and D. polymorpha (see 

Chapter 8). In addition, in Chapter 9, I determined the effectiveness of combined hot 

and cold thermal shock treatments as a mechanism for control for C. fluminea. Finally, 

Chapter 10 synthesises of all the information gathered throughout the prior chapters to 

describe the overall efficacy of the treatments examined and/or developed as part of 

my thesis.  

It is hoped that this body of work will greatly contribute to the management of 

IAS, through the provision of novel, user- and environmentally-friendly biosecurity 

protocols, designed to limit further invader spread. In addition, the provision of 

innovative mechanisms for improved population control, if not eradication of 

damaging invasive bivalve species. 
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Chapter 2: 

Die hard: biodegradation and subsequent viability of 

invasive macrophytes following exposure to aquatic 

disinfectants 
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Abstract 

As suppression and eradication of established invader populations are often complex, 

costly and resource-intensive, the prevention of further invader spread is considered a 

key aspect of proactive management measures. Therefore, in-field biosecurity 

techniques designed to deliver effective decontamination of water users’ equipment is 

required. In this Chapter, I examined the effectiveness of two aquatic disinfectants, 

Virasure® Aquatic and Virkon® Aquatic, to reduce growth rates, induce 

biodegradation, and decrease shoot and root production at the fragmentary propagule 

stage of the prolific invasive macrophyte, Elodea nuttallii (Planchon) H. St. John. 

Further, the efficacy of the selected aquatic disinfectants to induce substantial 

degradation of apical fragmentary propagules for five invasive macrophytes was also 

assessed: Crassula helmsii (Kirk) Cockayne; Egeria densa Planchon; Elodea 

canadensis Michx; Hydrocotyle ranunculoides Linnaeus; Lagarosiphon major 

(Ridley) Moss. A biodegradation scale was applied to visually assess tissue 

degradation and/or resumption of growth. Although E. nuttallii displayed substantial 

degradation after all disinfection treatments, all fragments demonstrated viability 

through resumption of shoot or root growth over the observation period. Likewise, for 

all other species, degradation of treated fragments was significantly greater than that 

of control groups, particularly for 4% (40 g L-1) solutions and longer exposure times. 

However, sustained viability in relation to shoot and/or root regrowth was exhibited 

by almost all plant species. Therefore, overall, it appeared that the examined aquatic 

disinfectants will not curtail the spread of these invasive macrophytes. Yet, longer 

submergence times, multiple applications and combined effects of different 

biosecurity treatments may enhance preventative measures against further spread and 

this requires investigation. 
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2.1 Introduction 

Globally, aquatic invasive alien species (IAS) have adversely altered the 

biodiversity, ecological functioning, and economic and social value of freshwater 

ecosystems (Ricciardi & MacIsaac 2010; Simberloff et al. 2013; Piria et al. 2017). 

Notably, invasive macrophytes can negatively impact the biotic and abiotic processes 

of freshwater systems, which frequently results in the detrimental modification of 

habitats, community dynamics and species assemblages (Schultz & Dibble 2012; 

Kuehne et al. 2016; Lu et al. 2018). Moreover, submerged invasive macrophytes often 

represent a considerable management burden, as large stands can escalate flood 

frequencies, devalue adjacent properties, and inhibit recreational and commercial 

activities (Williams et al. 2010; Hussner et al. 2017). For example, in the North 

American State of Alaska, Elodea sp. infestations are thought to cause an economic 

loss of circa $100 million per year to recreational floatplane pilots and commercial 

freshwater fisheries (Schwoerer & Morton 2018). Although management options for 

effective control and eradication of established IAS populations are available, these 

are often complex, expensive and laborious endeavours, which can be damaging to 

non-target species (Caffrey et al. 2010; Hussner et al. 2017; Coughlan et al. 2018b).  

Aquatic ecosystems are considered to be especially susceptible to the influx of 

damaging IAS, their establishment and reinvasion due to the presence of numerous 

transport pathways, a plethora of associated vectors, and difficulty of early detection 

(Dudgeon et al. 2006; Ricciardi & MacIsaac 2010; Banha et al. 2016; Coughlan et al. 

2017a). For example, anthropogenic activities such as angling and boating, and the 

ornamental plant and aquatic pet trades, have facilitated a substantial number of 

deliberate and accidental IAS introductions, and their continued spread (Rixon et al. 

2005; Rothlisberger et al. 2010; Gallardo and Aldridge 2013; Anderson et al. 2014). 
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Accordingly, as many established invaders are notoriously difficult to control, the 

prevention of further IAS spread is now widely recognised as a vital means of reducing 

invader impacts (Coughlan et al. 2018a; 2019b; Crane et al. 2019; Cuthbert et al. 2018; 

Shannon et al. 2018; Chapters 3-6). Indeed, the concept of spread-prevention is 

integral to the Convention on Biological Diversity, and is now strongly emphasised in 

national, e.g. EC (Birds and Natural Habitats) Regulations SI 477/2011, and 

international policy and legislation, such as EU Regulation 1143/2014, New Zealand 

Biosecurity Strategy, Great Britain Non-Native Species Strategy for (EC 2011; EU 

2014; GBNNSS 2015; PGNZ 2016). 

Broad-spectrum aquatic disinfectants, such as Virkon® Aquatic and Virasure® 

Aquatic, are oxidising agent-based disinfectants generally used in aquaculture for the 

control of a wide range of bacteria, viruses and fungi (Stockton-Fiti & Moffitt 2017). 

Although broad-spectrum aquatic disinfectants have been confirmed to kill damaging 

pathogenic microbes within laboratory tests and under various field conditions, 

variability of in situ conditions can substantially reduce the known efficacy of 

recommended treatments (Tidbury et al. 2018). Nevertheless, despite such concerns, 

aquatic disinfectants have been suggested as a suitable method for preventing the 

spread of IAS (Caffrey 2010; WYGFD 2018; WIDNR 2019), as disinfection through 

submergence in known chemical solutions can induce substantial invader mortality 

(Barbour et al. 2013; Cuthbert et al. 2018). In particular, the provision of in-field 

biosecurity stations may provide effective decontamination of water users’ equipment 

(Crane et al. 2019; Cuthbert et al. 2018). Currently, for example, disinfectants are 

being increasingly used for decontamination small items of equipment by recreational 

water users and responsible authorities, such as government agencies. Accordingly, 

the legal issues concerning the use of broad-spectrum aquatic disinfectants as in situ 
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biosecurity agents for non-microscopic and invasive organisms (e.g. herbicide or 

insecticide) will need to be addressed (Stebbing et al. 2011; Cuthbert et al. 2018; 

Sebire et al. 2018). Yet the risk of toxicity to non-target aquatic organisms via residues 

and spills is considered to be low, with adherence to best-practice protocols (see 

Stockton-Fiti & Moffitt 2017). Further, although aquatic disinfectants have proven 

successful against a variety of invasive Mollusca and macrophyte species (e.g. Barbour 

et al. 2013; Stockton-Fiti & Moffitt 2017; Cuthbert et al. 2018), their impact on 

different life history stages is not always clear (Coughlan et al. 2019b; Chapter 5). 

Numerous invasive aquatic macrophytes predominantly reproduce and spread 

through vegetative propagation, particularly via apical fragmentary propagules 

(Umetsu et al. 2012; Li et al. 2015; Redekop et al. 2016). Within aquatic 

environments, plant fragmentation frequently occurs through either self-induced 

autofragmentation or allofragmentation, whereby fragmentation is a result of 

disturbance, such as changes in water velocity, sediment mobility, animal or 

anthropogenic activity (Riis et al. 2009; Bakker et al. 2016). Although most fragments 

will likely be dispersed within hydrologically connected systems, overland dispersal 

is a frequent occurrence (Johnson et al. 2001; Rothlisberger et al. 2010; Coughlan et 

al. 2017b). In most cases, overland transport is facilitated through the adherence of 

fragmentary propagules to recreational equipment, boats, vehicles and trailers 

(Johnson et al. 2001; Rothlisberger et al. 2010). Currently, however, there is a lack of 

information concerning the efficacy of various biosecurity procedures that are thought 

to inhibit the spread of fragmentary propagules for a variety invasive aquatic 

macrophytes (Coughlan et al. 2018a; Cuthbert et al. 2018). Therefore, to better inform 

spread-prevention practices, it is necessary to quantify the subsequent viability (i.e. 

regeneration by production of new shoot or root growth) of invasive macrophyte 
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fragmentary propagules following exposure to biosecurity treatments, including 

disinfection.  

In the present Chapter, the efficacy of Virasure® Aquatic and Virkon® Aquatic to 

reduce growth rates, induce plant tissue biodegradation, and limit new shoot and root 

growth of both apical and mid-stem sections of Elodea nuttallii (Planchon) H. St. John, 

was examined. To achieve this, fragmentary propagules were exposed to solutions of 

1% (10 g L-1) and 4% (40 g L-1), for submergence treatments at one, two and five 

minutes. Use of 1% solutions are recommend by both manufactures for surface 

disinfection and submergence treatments, e.g. footbaths. However, I chose to 

arbitrarily quadruple this recommendation to assess any differential effects of 

increased concentration. It is hypothesised that greater concentration and longer 

exposure time will more effectively kill or reduce viability of E. nuttallii fragments, 

which has been the case for various other taxa (Stockton & Moffitt 2013; De Stasio et 

al. 2019). In addition, it is expected that apical fragments will display a greater 

retention of viability than mid-stem fragments, due to the lack of due to apical 

dominant meristematic tissue.  

Building on the initial assessment of E. nuttallii, the efficacy of the two selected 

aquatic disinfectants to induce plant tissue biodegradation, reduce the number of new 

roots and shoots produced, and decrease new shoot growth rates of fragmentary 

propagules was examined for five invasive macrophyte species: Crassula helmsii 

(Kirk) Cockayne; Egeria densa Planchon; Elodea canadensis Michx; Hydrocotyle 

ranunculoides Linnaeus; and Lagarosiphon major (Ridley) Moss. Effects on apical 

fragmentary propagules of each species were examined with respect to disinfectant 

concentrations of 0% (0 g L-1), 2% (20 g L-1) or 4% (40 g L-1) solutions and 

submergence times of five, fifteen, thirty or sixty minutes. Once again, it was 
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hypothesised that greater disinfectant concentrations and longer exposure times would 

more effectively kill fragmentary propagules, or reduce their viability. 

 

2.2 Methods 

2.2.1 Sample collection and cultivation  

All species were collected throughout Northern Ireland (NI) from a variety of sites, 

other than H. ranunculoides which was collected in Great Britain (Table 2.1). All 

species obtained in NI were collected as whole plants, excluding the buried roots and 

rhizomes, and transported in source water to Queen's University Marine Laboratory 

(QML), Portaferry, NI. Similarly, whole plants of H. ranunculoides, with their 

associated roots and rhizomes, were transported in source water to the University of 

Leeds, Great Britain. Each of the species collected in NI were separately maintained 

in the laboratory within aerated aquaria, filled with locally sourced pond water (Lough 

Cowey: 54° 24' 41.8" N; 5° 32' 256.0" W), under a 16 hr light and 8 hr darkness regime 

at circa 12 °C. Water was exchanged on a weekly basis. All species were visually 

observed to display excellent survival and sustained growth during a cultivation period 

of three months. Similarly, H. ranunculoides was kept in an aerated aquarium with 

source water, which was supplemented ad hoc with de-chlorinated tap-water, at 14 °C 

under a 12:12 hr light-dark regime. All waste invasive plant material was destroyed by 

autoclaving. 

 

2.2.2 Experiment 1: Efficacy of Virasure® Aquatic and Virkon® Aquatic solutions to 

kill mid-stem and apical fragments of Elodea nuttallii 

The efficacy of Virasure® Aquatic (Fish Vet Group) and Virkon® Aquatic 

(DuPont) was examined using 0% (0 g L-1), 1% (10 g L-1) and 4% (40 g L-1) solutions 
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made with dechlorinated tap water (n = three replicates for each treatment group, with 

three fragments per experimental group). Two differential fragmentary sections of E. 

nuttallii, apical and mid-stem, were individually examined. In both cases, fragments 

were standardised by a node count of ten. Mid-stem fragments were cut immediately 

above and below the final nodes; apical fragments were cut below their final node 

only. In all cases, apical fragments were harvested from mature, unbranched sections 

of plants. Initial fragment length was recorded, with a mean (± SE) apical fragment 

and mid-stem length of 6.2 ± 0.1 mm and 7.65 ± 0.1 mm, respectively. Fragments were 

harvested as required and briefly maintained (< 30 min) in dechlorinated tap water 

prior to experimental use.  

Groups of three fragments, of a single section type, were used as an experimental 

group. These groups were submerged in treatment solutions of Virasure® Aquatic or 

Virkon® Aquatic for a period of one, two or five minutes. Control groups were likewise 

submerged in dechlorinated tap water for the same exposure times. Post exposure, all 

samples were submerged in dechlorinated tap water and gently rinsed clean for a two-

minute period to ensure loss of chemical. This process was repeated with a second 

cleaning station for a further two minutes. Fragments were rinsed to prevent any 

prolonged treatment effect. All fragments were immediately placed within individual 

cylindrical glass vessels, 200 mm H × 80 mm W, containing 250 ml of pond water. 

Following treatment, the standard conditions for fragmentary growth were 18°C, with 

a 16:8 h light–dark regime at a light intensity of 200 – 250 µmol·m-2·s-1. Water loss 

due to evaporation was replenished as required. 
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Table 2.1 Study species, source site locations and invaded range.  

Species Common name Source site Invasion Range 

Crassula helmsii 

(Kirk) Cockayne 

Australian swamp 

stonecrop/  

New Zealand 

Pigmyweed 

Lough Beg 

54° 47' 28.6"N; 6° 28' 

27.1" W 

Europe, North 

America, invasive 

in native range 

Egeria densa 

(Planch.) Casp. 
Leafy elodea 

Artificial Pond 

Dominican College, 

Portstewart 

55° 10' 54.1"N; 6° 43' 

18.3"W 

Europe, North 

America, Central 

America, 

Caribbean, 

Oceania 

Elodea 

canadensis 

Michx. 

Canadian 

waterweed 

Mill Pond, Tully Mill 

54° 15′ 32.34″N; 7° 42′ 

50.88″W 

South America, 

Europe, Africa, 

Asia, Oceania, 

invasive in native 

range 

Elodea nuttallii 

(Planchon) H. St. 

John 

Nuttall's 

waterweed 

Lough Erne, Northern 

Ireland  

54° 17′ 07.89″N; 7° 32′ 

52.61″W 

Europe, Asia, 

invasive in native 

range 

Hydrocotyle 

ranunculoides 

L.f. 

Floating 

pennywort 

Aire and Calder 

Navigation  

53° 45′ 12.6″N; 1° 25′ 

57.9″W 

Europe; Australia, 

invasive in native 

range 

Lagarosiphon 

major (Ridl.) 

Moss 

African elodea/ 

African curly 

waterweed 

Artificial Pond 

Portadown Golf Club 

54° 24' 14.6"N; 6° 24' 

51.3"W 

Europe, Australia, 

New Zealand, 

potentially 

invasive in native 

range 
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The biodegradation scale proposed by Cuthbert et al. (2018), was further adapted 

to monitor tissue degradation, fragment survival and subsequent viability, i.e. 

regeneration by production of new shoot or root growth (Table 2.3; Crane et al. 2019). 

The scale comprised 11 distinct score categories (0 – 10, inclusive) that allow for 

visual estimation of survivability alone (a score of 5), whereby the fragments display 

no degradation or resumption of growth, and both the retention (score 0 – 4) and lack 

(score 6 – 10) of viability in relation to various stages of tissue degradation (see Crane 

et al. 2019). Upon cessation, after 28 days, fragments were scored using the 

biodegradation scale. New shoot lengths, and a count of new shoots and roots, were 

recorded. 

 

2.2.3 Experiment 2: Efficacy of Virasure® Aquatic and Virkon® Aquatic solutions to 

kill apical fragments of selected invasive macrophyte species  

The efficacy of Virkon® Aquatic (Antec Int. DuPont) and Virasure® Aquatic 

(Fish Vet Group) was examined using 2% (20 g L-1), 4% (40 g L-1) disinfectant 

solutions, and a 0% (0 g L-1) control. In all cases, submergent apical fragments were 

harvested from mature plants, and cut from unbranched sections of stem. Based on 

available plant material, an arbitrary fragment length of 100 mm was chosen. 

However, in the case of H. ranunculoides emergent apical fragments, of length 160 

mm, were used. All fragments were harvested as required and briefly maintained (< 

thirty minutes) in de-chlorinated tap-water (circa 6 – 8 °C) prior to experimental use. 

Plant fragments were randomly selected from these holding aquaria and excess liquid 

was gently removed by manually spinning individual fragments, ten times in both 

directions, using a handheld centrifugal spinner. Fragment wet mass was recorded 

(Table 2.2).  
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Fragmentary propagules of each species were then independently submerged in 

2% and 4% solutions of Virkon® Aquatic or Virasure® Aquatic for a period of five, 

fifteen or thirty minutes, and in the case of H. ranunculoides, due to the use of 

potentially more robust emergent apical fragments, sixty minutes. All treatment 

combinations were replicated in triplicate, i.e. n = 3. All solutions were made using 

dechlorinated tap-water. Control groups were likewise submerged in dechlorinated tap 

water (i.e. a 0% solution) for the same exposure times. Post-exposure, all samples were 

submerged in dechlorinated water and gently washed clean for a two minute period; 

this was repeated twice (see Cuthbert et al. 2018). All fragments were then 

immediately placed within individual plastic magenta vessels containing circa 300 ml 

of locally sourced pond water or dechlorinated water in the case of H. ranunculoides. 

Excepting H. ranunculoides, the fragmentary propagules were then housed under 

standard growth conditions of 18 °C, with 16:8 hr light-dark regime. H. ranunculoides 

was kept at 14 °C under a 12:12 hr light-dark regime. In all cases, water loss due to 

evaporation was replenished as required.  

Fragmentary tissue degradation and retention of viability, as evidenced by the 

presence of new shoot or root growth, was assessed at 7, 14, 21 and 28 days following 

exposure to disinfectants, excepting H. ranunculoides, which was examined at 2, 7 and 

21 days. To accomplish this, the novel degradation scale described by Crane et al. 

(2019; see Table 2.3) was used. The scale was comprised of eleven distinct categories 

(0 – 10, inclusive). The categories were designed to allow simple visual assessment of 

fragment viability and degradation (score 0 – 4), fragment survival, whereby no 

meaningful degradation or indication of viability has occurred (score 5), and various 

levels of degradation without evidence of viability shown (score 6 – 10). In addition, 

to assess comparable differences in fragment viability, a count of new shoots and roots, 
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and a measurement of new shoot lengths were recorded for C. helmsii, E. densa, E. 

canadensis and L. major upon completion of the experiment. 

2.2.4 Statistical analyses 

2.2.4.1 Viability and degradation of mid-stem and apical fragments of Elodea 

nuttallii 

Initially, relative growth rates (RGR) were analysed for new shoot lengths using 

ANOVA, as residuals were found to be normally distributed (Shapiro-Wilk test, P > 

0.05) and homoscedastic (Bartlett’s test, P > 0.05). Here, RGR was calculated using 

the total length (mm) of all new shoot growth displayed by every fragment within each 

triplicate replicate. RGR was averaged per day across the 28-day recovery period. 

Scaled degradation (Table 2.3) of E. nuttallii at the final observation point was 

analysed using proportional odds logistic regression as the parallel regression 

assumption was satisfied. The lowest scoring fragment (i.e. least degraded) of the 

triplicate within each replicate were used to derive individual data points for analysis. 

Then, raw regrowth counts of shoots and roots at the end of the observation period 

were analysed separately using generalised linear models (GLMs) assuming Poisson 

distributions of error and log links. Here, likelihood ratio tests (LRTs) were used to 

report the significance of factors to the dependent variables. Treatment (5 levels), 

exposure time (3 levels) and plant part (2 levels) were incorporated as explanatory 

variables in all models. Second-order Akaike Information Criterion (AICc) rankings 

were used to select models, which minimised information loss. Post hoc tests were 

performed using Tukey’s contrasts for significant effects in each model. All statistical 

analyses were performed using R version 3.4.4 (R Core Team 2018).  
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2.2.4.2 Viability and degradation of apical fragments of selected invasive 

macrophyte species  

Viability of plants in relation to the length of new shoot growth, except H. 

ranunculoides, was analysed using beta regression with the betareg package in R 

(Cribari-Neto & Zeileis 2010), whereby relative growth rate (RGR; following Van 

Echelpoel 2016) was modelled with respect to treatment (5 levels), exposure time (3 

levels), and plant species (4 levels). Data were transformed to adjust zero values in the 

dataset, where no resumption of growth occurred, in order to meet model assumptions:  

 

𝑦𝑡 = (𝑦(𝑛 − 1) + 0.5)/𝑛                                                                                                               (1) 

 

where yt is the transformed output and n is the sample size. In all models, backward 

stepwise deletion was performed in order to satisfy the minimum adequate model, 

where non-significant terms and interactions were excluded via analysis of deviance 

(Crawley 2007).  

Using the degradation scale (Table 2.3), the visually-scored survivability and 

viability of plants was assessed using a mixed ordinal regression model facilitated 

through the ordinal package in R (Christensen 2015). The proportional odds 

assumption was satisfied. Plant tissue degradation scores were modelled with respect 

to treatment (5 levels: control, two aquatic disinfectants and two concentrations), 

exposure time (3 levels), plant species (4 levels) and observation period (4 levels). A 

random effects structure was integrated to account for repeated measures over the 

observation period (n = 4). Hydrocotyle ranunculoides degradation was analysed 

individually owing to its separate assessment and difference in predictor variable 
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levelling, with respect to treatment (5 levels), exposure time (4 levels) and observation 

period (3 levels). 

Counts of root and shoot growth were analysed separately using generalised 

linear models (GLMs) assuming a Poisson error distribution for all plants, excepting 

H. ranunculoides. Where residuals were found to be overdispersed relative to degrees 

of freedom, a quasi-Poisson family was employed. Root and shoot growth were 

modelled with respect to treatment (5 levels), exposure time (3 levels) and plant 

species (4 levels). For all models, Tukey’s comparisons were used for post hoc 

analyses using lsmeans (Lenth 2018). All statistical analyses were performed using R 

version 3.4.4 (R Core Team 2018).  
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Table 2.2 Summation of species mean fragmentary propagule lengths and wet mass, and exposure times (minutes) to aquatic disinfectants, for 0% 

(0 g L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of Virkon® Aquatic and Viraure® Aquatic. Degradation assessment points (i.e. recovery days 

post exposure) for each focal species are given. Control samples were not exposed to aquatic disinfectants.  

Species Mean (± SE) length mm Mean (± SE) mass g Exposure times Assessment point   

Crassula helmsii 100 ± 0 0.15 ± 0.01 5 m, 15 m, 30 m 7 d, 14 d, 21 d, 28 d 

Egeria densa 100 ± 0 0.92 ± 0.04 5 m, 15 m, 30 m 7 d, 14 d, 21 d, 28 d 

Elodea canadensis 100 ± 0 0.39 ± 0.01 5 m, 15 m, 30 m 7 d, 14 d, 21 d, 28 d 

Hydrocotyle 

ranunculoides 
160 ± 0 0.49 ± 0.01 5 m, 15 m, 30 m, 60 m 2 d, 7 d, 21 d 

Lagarosiphon major 100 ± 0 1.62 ± 0.05 5 m, 15 m, 30 m 7 d, 14 d, 21 d, 28 d 
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Table 2.3 Degradation scale describing visual tissue biodegradation stages and/or resumption of growth for aquatic macrophyte fragmentary 

propagules (see Crane et al. 2019). Colour codes relate to the graphical representation of results in Figures 2.4 and 2.5. 

Score Description Colour code 

10 Complete degradation.  

9 No new shoot and/or root growth present with more than or equal to 90% stem degradation.  

8 No new shoot and/or root growth present with more than or equal to 50% stem degradation.  

7 No new shoot and/or root growth present with all leaved exhibiting paling or browning.  

6 No new shoot and/or root growth present with paling or browning affecting any leaves.  

5 No new shoot and/or root growth present with degradation at fragmentation site.  

4 New shoot and/or root growth present with more than or equal to 90% stem degradation.  

3 New shoot and/or root growth present with more than or equal to 50% stem degradation.  

2 New shoot and/or root growth present with all leaves exhibiting paling or browning.  

1 New shoot and/or root growth present with paling or browning affecting any leaves.  

0 New shoot and/or root growth present with degradation at fragmentation site.  
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2.3 Results 

2.3.1 Viability and degradation of mid-stem and apical fragments of Elodea nuttallii 

All control plants exhibited high levels of survival and viability, evidenced 

through examination of their RGR alongside levels of plant tissue biodegradation, and 

sustained shoot and root growth in all instances (Figure 2.1 & 2.2). RGR of new shoots 

differed significantly depending on treatment (F4, 83 = 7.83, P < 0.001). Treatment with 

either Virasure® Aquatic or Virkon® Aquatic at 4% concentrations significantly 

reduced growth rates compared to control groups (both P < 0.001; Figure 2.1). 

Treatment with Virkon® Aquatic at 1% concentration was significantly more effective 

at reducing shoot growth compared to controls (P = 0.04), but a 1% solution of 

Virasure® Aquatic did not reduce growth compared to the control groups (P = 0.25). 

Exposure time also had a significant effect on overall shoot RGR (F2, 83 = 4.18, P = 

0.02), wherein five minute exposures were significantly more effective than one 

minute exposures in reducing RGR of E. nuttallii (P = 0.01). Overall, there were no 

significant differences between one and two minute exposures to treatments (P = 0.49), 

nor two and five minute exposures (P = 0.20: Figure 2.1). There was also no significant 

difference between apical and mid-stem sections of E. nuttallii for new shoot RGR (F1, 

82 = 0.61, P = 0.44). 

Although treatment with Virasure® Aquatic and Virkon® Aquatic significantly 

increased degradation of E. nuttallii (χ2 = 37.28, df = 4, P < 0.001: Figure 2.1), all 

treated fragments demonstrated viability through resumption of shoot or root growth 

over the observation period (Figure 2.2). This occurred despite consistent degradation 

to the original treated fragment. With the exception of exposure to 1% Virasure®, all 

disinfectant treatments, particularly 4% concentrations, displayed significantly greater 

degradation than control E. nuttallii groups (all P < 0.05). Overall, longer treatment 
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exposure times significantly increased degradation of fragmentary propagules (χ2 = 

8.48, df = 2, P = 0.01: Figure 2.1). Whilst there were no significant differences between 

one and two minute exposures (P = 1.00), five minute exposures were significantly 

more effective than lower exposure durations (both P = 0.02). Furthermore, 

degradation was consistent between apical and mid-stem sections of the plant, as there 

was no significant effect of plant part on scaled degradation (χ2 = 0.68, df = 1, P = 

0.41). 

Shoot and root production was evidenced in all disinfectant-treated E. nuttallii 

groups (Figure 2.2). However, treatment with Virasure® Aquatic or Virkon® Aquatic 

had a significant effect on shoot counts (χ2 = 12.88, df = 4, P = 0.01), with the 4% 

concentrations significantly reducing new shoot numbers compared to control groups 

(both P = 0.03). However, whilst exposure time had no significant effect on shoot 

counts overall (χ2 = 4.06, df = 2, P = 0.13), apical sections exhibited significantly 

higher numbers of shoot counts than mid-stem sections (χ2 = 6.71, df = 1, P = 0.01: 

Figure 2.2). This effect was sustained across all treatment groups, as there was no 

significant ‘treatment × plant part’ interaction (χ2 = 4.61, df = 4, P = 0.33). Similarly, 

root counts were also significantly affected by disinfectant treatment (χ2 = 46.33, df = 

4, P < 0.001), wherein all disinfectant-treated groups exhibited significantly lower root 

counts post-treatment than controls (all P < 0.001). As with shoots, significantly more 

roots were produced by apical E. nuttallii fragments than mid-stem sections (χ2 = 

12.17, df = 1, P < 0.001). This effect was again sustained across all treatment groups 

as there was no significant ‘treatment × plant part’ interaction (χ2 = 3.29, df = 4, P = 

0.51). On the other hand, exposure time to treatment had no significant effect on the 

generation of roots at the end of the observation period (χ2 = 3.10, df = 2, P = 0.21). 
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Figure 2.1 Mean (± SE) relative growth rate and median Biodegradation Score (error 

bars signify minimum and maximum scores attained) for differential Elodea nuttallii 

fragmentary propagules, i.e. apical tip or mid-stem, following submersion in 0%, 1% 

or 4% solutions of selected aquatic disinfectants (n = 3). Fragments were submerged 

for one, two or five minutes. All plants were harvested after a recovery period of 28 

days. Incremental degradation scores (see Table 2.1): 0 – 4 = increasing fragmentary 

degradation with viability displayed (white arrow); 5 = no degradation or viability 

displayed (dashed line); and 6 – 10 = increasing fragmentary degradation with no 

viability shown (grey arrow). Vira = Virasure® Aquatic; Virk = Virkon® Aquatic. 
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Figure 2.2 Mean (± SE) count of new shoots and roots for differential Elodea nuttallii 

fragmentary propagules, i.e. apical tip or mid-stem, following submersion in 0%, 1% 

or 4% solutions of selected aquatic disinfectants (n = 3). Fragments were submerged 

for one, two or five minutes. All plants were harvested after a recovery period of 28 

days. Vira = Virasure® Aquatic; Virk = Virkon® Aquatic. 
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2.3.2 Viability and degradation of apical fragments of selected invasive macrophyte 

species  

New shoot RGR was significantly reduced by treatment (F4, 119 = 9.74, P < 0.001; 

Figure 2.3), reflecting lower regrowth across all disinfectant treated plant species 

relative to the controls (all P < 0.001). Yet, there were no significant overall 

differences in shoot RGR amongst disinfectant treatments, regardless of concentration 

(all P > 0.05). Relative growth rates also differed significantly between species overall 

(F3, 119 = 22.58, P < 0.001), wherein C. helmsii displayed significantly lower RGR of 

new shoots than all other species (all P < 0.001), and L. major exhibited greater 

regrowth than E. canadensis or E. densa (both P < 0.01). However, the lesser regrowth 

of C. helmsii was only consistently significant compared to all other plants across 

control groups (all P < 0.01), and was more similar under disinfectant treatments, 

driving a significant ‘treatment × species’ interaction (F12, 119 = 2.47, P < 0.01). 

Relative growth rates of new shoots were not significantly affected by exposure time 

(F3, 119 = 2.16, P > 0.05).  

For C. helmsii, E. densa, E. canadensis and L. major, fragmentary propagules 

displayed viability post-treatment with both Virkon® Aquatic and Virasure® Aquatic 

(Figure 2.4). Complete degradation was only exhibited by E. densa fragmentary 

propagules, particularly where exposed to the highest concentration solutions for the 

maximum exposure duration (4% solutions for fifteen or thirty minutes). However, 

although sustained viability, as evidenced by shoot or root regrowth, was demonstrated 

by C. helmsii, E. canadensis and L. major, scaled degradation significantly increased 

with treatment (χ2 = 163.53, df = 4, P < 0.001). Moreover, treated plants exhibited 

significantly greater degradation than control groups (0% solutions), irrespective of 

disinfectant concentration (all P < 0.001). Overall, treatment at 4% concentrations of 
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Virkon® Aquatic or Virasure® Aquatic induced significantly greater degradation than 

2% concentrations (all P < 0.01), and there was no difference between the two products 

at matched concentrations (all P > 0.05). However, viability was not inhibited by 

disinfectant treatments in the majority of cases (see Table 2.3; Figure 2.4).   

Scaled degradation following treatment was significantly different among C. 

helmsii, E. densa, E. canadensis and L. major (χ2 = 188.99, df = 4, P < 0.001). In 

particular, E. densa exhibited significantly greater degradation than any other plant 

species (all P < 0.001). In turn, E. canadensis was significantly more degraded than L. 

major (P < 0.001), whilst C. helmsii was significantly less degraded than either E. 

canadensis or L. major (both P < 0.001). Overall, greater exposure times increased 

degradation (χ2 = 36.51, df = 2, P < 0.001), with degradation between each examined 

incremental exposure time increasing significantly (all P < 0.01). Degradation also 

significantly increased over the duration of the monitoring period (χ2 = 56.30, df = 3, 

P < 0.001). Furthermore, a significant ‘treatment × species × time’ interaction effect 

(χ2 = 82.54, df = 24, P < 0.001) was recorded. This reflected various interactive 

complexities, such as high occurrence of total fragmentary propagule degradation 

(score of 10) exhibited by E. densa at 4% disinfectant treatments with an exposure of 

fifteen minutes or longer. All other plant fragmentary propagules demonstrated 

consistent survival and viability through resumption of growth over the observation 

period.  
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Figure 2.3 Mean (± SE) relative growth rate for new shoot growth produced by macrophyte fragmentary propagules at 28 days post exposure to 

aquatic disinfectants, for 0% (0 g L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of selected aquatic disinfectants. Fragments were submerged for 

five, fifteen or thirty minutes (n = 3 per treatment). Cont. = Control; Virk = Virkon® Aquatic; Vira = Virasure® Aquatic.



24 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Median degradation score depicting visual biodegradation stages and/or resumption of growth for four different species of macrophyte 

fragmentary propagules at 28 days post exposure to aquatic disinfectants, for 0% (0 g L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of selected 

aquatic disinfectants. Fragments were submerged for five, fifteen or thirty minutes (n = 3 per treatment). Error bars signify minimum and maximum 

scores attained. See Table 2.3 for description of the score categories. Cont. = Control; Virk = Virkon® Aquatic; Vira = Virasure® Aquatic. 
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For H. ranunculoides, although complete degradation was not achieved following 

any treatment, the use of aquatic disinfectant significantly increased plant degradation 

overall (χ2 = 91.04, df = 4, P < 0.001; Figure 2.5). All disinfectant treatments 

significantly increased degradation in comparison to control groups (all P < 0.001). 

Although treatment with disinfectant frequently inhibited new growth of H. 

ranunculoides, survival was often evidenced through sustained stem vitality (Table 

2.3). Degradation was significantly influenced by treatment exposure time (χ2 = 16.55, 

df = 3, P < 0.001); sixty minute exposures yielded significantly greater degradation 

than all other exposure times (all P < 0.05), whilst there were no significant differences 

between shorter exposure times (all P > 0.05). Degradation of H. ranunculoides also 

differed significantly over the course of the monitoring period (χ2 = 128.82, df = 2, P 

< 0.001), demonstrating recovery via reduced degradation scoring of treated plants 

over the monitoring period overall (all P < 0.001). 

Viability in relation to shoot and root counts was also exhibited by all plant 

species irrespective of treatment and exposure time. Overall, new shoot counts were 

not significantly affected by disinfectant treatment (χ2 = 3.26, df = 4, P > 0.05). 

However, new shoot counts differed significantly between plant species (χ2 = 159.77, 

df = 3, P < 0.001), with C. helmsii and E. canadensis producing the greatest number 

of new shoots of the four focal plants (all P < 0.001; Figure 2.6). Moreover, exposure 

time did not significantly influence shoot production (χ2 = 4.14, df = 2, P > 0.05). 

However, there was a significant ‘treatment × species’ interaction effect (χ2 = 38.91, 

df = 12, P < 0.001), wherein the higher number of new shoots produced by C. helmsii 

was conditional to the disinfectant treatment. Specifically, although C. helmsii 

produced significantly more new shoots than L. major or E. densa under all 

disinfectant treatments (all P < 0.05), there were no significant differences compared 
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to E. densa or L. major in control groups (both P > 0.05). On the other hand, new shoot 

growth for C. helmsii and E. canadensis did not significantly differ under any 

disinfectant treatment (all P > 0.05), but E. canadensis growth was significantly 

greater than C. helmsii in controls (P < 0.01). Further, new shoot growth of E. 

canadensis was significantly greater than L. major in all treatments (P < 0.05), except 

the Virkon® Aquatic 4% treatment (P > 0.05). 

Root counts were significantly affected by disinfectant treatments (F4, 175 = 6.52, 

P < 0.001), and differed significantly between plant species (F3, 172 = 115.39, P < 0.001; 

Figure 2.7). Crassula helmsii displayed the greatest root production between the four 

focal plants. Contrastingly, only one E. densa replicate exhibited root regrowth 

following treatment for fifteen minutes or longer. Root generation was also 

significantly lower following longer exposures times (F2, 170 = 7.96, P < 0.001). In 

addition, there was a significant ‘treatment × species × time’ interaction effect (F24, 120 

= 1.65, P < 0.05). This reflected significant variation between plants amongst 

disinfectant treatment groups, whilst root counts across control plant species did not 

significantly differ following five and thirty minute exposures (all P > 0.05).  
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Figure 2.5 Median degradation score depicting visual biodegradation stages and/or resumption of growth for fragmentary propagules of 

Hydrocotyle ranunculoides at 21 days post exposure to aquatic disinfectants, for 0% (0 g L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of selected 

aquatic disinfectants. Fragments were submerged for five, fifteen, thirty or sixty minutes (n = 3 per treatment). Error bars signify minimum and 

maximum scores attained. See Table 2.3 for description of the score categories. Cont. = Control; Virk = Virkon® Aquatic; Vira = Virasure® Aquatic.
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Figure 2.6 Mean (± SE) count of new shoots for macrophyte fragmentary propagules at 28 days post exposure to aquatic disinfectants, for 0% (0 g 

L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of selected aquatic disinfectants. Fragments were submerged for five, fifteen or thirty minutes (n 

= 3 per treatment). Cont. = Control; Virk = Virkon® Aquatic; Vira = Virasure® Aquatic.
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Figure 2.7 Mean (± SE) count of new roots for macrophyte fragmentary propagules at 28 days post exposure to aquatic disinfectants, for 0% (0 g 

L-1), 2% (20 g L-1) and 4% (40 g L-1) solutions of selected aquatic disinfectants. Fragments were submerged for five, fifteen or thirty minutes (n = 

3 per treatment). Cont. = Control; Virk = Virkon® Aquatic; Vira = Virasure® Aquatic.



30 
 

2.4 Discussion 

Activities such as angling, boating, and the aquatic pet and ornamental plant 

trades have likely facilitated a substantial portion of damaging IAS introductions 

(Johnson et al. 2001; Rothlisberger et al. 2010; Banha et al. 2017; Dickey et al. 2018). 

Accordingly, although the identity of vectors responsible for the dispersal of IAS are 

not always known (Caffrey et al. 2016; Coughlan et al. 2017c), spread-prevention 

through efficient, cost-effective and widely applicable biosecurity protocols has 

become integral to IAS management strategies (Anderson et al. 2014: Booy et al. 

2017; Piria et al. 2017). Previously, Cuthbert et al. (2018) observed that a two-minute 

submersion using 1% Virasure® Aquatic solution could achieve complete degradation 

of fragmentary propagules of Lagarosiphon major (Ridley) Moss, 1928, and argued 

that the chemical could effectively reduce the secondary spread of the species. As such, 

chemical treatment could therefore form an integral aspect of best-practice biosecurity 

protocols, through either soaking, mist spray or fogging of equipment (e.g. anglers’ 

nets, kayaks, boats, water wells, vehicles and trailers). However, L. major may have 

been particularly susceptible to the acidity of the disinfectant, relative to other 

macrophytes, as this species is more suited to and can even induce alkaline 

environments (Stiers et al. 2011). 

Here, in Experiment 1, both aquatic disinfectants were observed to cause 

substantial degradation of the original/parental E. nuttallii fragments, the examined 

concentrations and exposure times did not inhibit propagule viability, i.e. resumption 

of growth. Whilst higher treatment concentrations resulted in greater degradation of 

the fragmentary propagules, even the highest examined concentration of 4% failed to 

prevent resumption of shoot or root growth. Conversely, 4% concentrations of both 

disinfectants did reduce the number of new shoots, while all examined concentrations 
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reduced new root production. Moreover, the growth rate of new shoots was restricted 

by 4% solutions of both disinfectants, especially at five minutes exposure. Ultimately, 

although the examined oxidising agent-based disinfectants adversely impacted treated 

fragments, it appears only outer cell integrity was negatively affected, with regrowth 

being produced from meristematic cells. 

Further, in Experiment 2, although 2% and 4% solutions of both aquatic 

disinfectants induced substantial degradation of the original fragmentary propagule, 

all species retained viability in relation to shoot and/or root regrowth, even following 

submergence in 4% solutions for exposure times of thirty minutes or longer. Although 

1% solution of Virasure® Aquatic has previously been observed to induce complete 

degradation and prohibit viability of L. major fragmentary propagules following a two 

minute submergence (Cuthbert et al. 2018), the present study indicates that the 

examined broad-spectrum aquatic disinfectants will not be capable of curtailing its 

resumption of growth. Overall, although the examined fragment lengths are of a size 

range considered capable of surviving overland transport (Barrat-Segretain et al. 1998; 

Coughlan et al. 2018a), as larger fragments are known to display a greater capacity for 

retention of viability (Jiang et al. 2009; Hoffmann et al. 2015). Therefore, this may 

have enabled resumption of growth by the longer fragmentary propagules examined 

by this Chapter.  

Morphological and physiological differences among the examined species may 

have influenced resumption of growth following exposure to aquatic disinfectant 

treatments. For example, E. densa was noticeably less robust than the other examined 

species, which all displayed more rigid stem and leaf structures. These morphological 

differences could explain the lower levels of degradation shown by fragments of C. 

helmsii, E. canadensis, H. ranunculoides and L. major. Although only submerged 
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fragments of C. helmsii were used in this Chapter, this species is capable of producing 

emergent stems (Dawson & Warman 1987). These emergent shoots are more robust 

than the submerged leaves, likely due to higher dry matter content and a thicker outer 

cuticle (De Wilde et al. 2014). As such, this ability may explain the greater numbers 

of new roots and shoots produced by C. helmsii. Conversely, this greater investment 

in the number of new growth structures produced coincided with a lower overall RGR 

for shoots. Although the number of new growth structures produced may increase the 

likelihood of establishing a new plant, beyond the indicators of viability documented 

in this Chapter, a further assessment of subsequent colonisation abilities is still 

required. Interestingly, while apical fragments of H. ranunculoides were less 

structurally rigid than those of C. helmsii, E. canadensis, and L. major, H. 

ranunculoides generally displayed lower degradation scores than E. canadensis. As 

apical fragments of H. ranunculoides are emergent (Ruiz-Avila & Klemm 1996), while 

those produced by E. canadensis are submerged (Heidbüchel & Hussner 2020), the 

observed rates of degradation may reflect additional morphological (e.g. permeability 

of cuticle layer) or physiological-related differences between these species, such as 

interspecific stem fragmentation rates (e.g. Heidbüchel & Hussner 2020). 

Abiotic conditions such as nutrient-rich pond water may promote sustained 

fragment viability in comparison to dechlorinated tap-water. This may, in part, explain 

why more substantial degradation of L. major was observed by Cuthbert et al. (2018), 

and demonstrates important context-dependencies which may influence the efficacy 

of biosecurity protocols, such as light availability and water temperature (He et al. 

2019). However, this phenomenon was not observed in the present study in relation to 

the placement of H. ranunculoides in dechlorinated tap-water following chemical 

exposure. In addition, a more favourable light intensity of 200-250 μmol·m-2·s-1 and 
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warmer temperature conditions (18 °C) used for the present study, may have promoted 

greater resumption of growth by certain macrophytes. Accordingly, further 

examination of the effect of biotic and abiotic conditions on the survival and 

resumption of growth of different sized fragmentary propagules, following exposure 

to broad-spectrum aquatic disinfectants, is needed.  

Higher concentrations and longer submergence times would likely result in 

substantial fragment degradation and inhibit subsequent viability. However, increased 

concentrations can be difficult to obtain, due to lack of chemical compound solubility 

beyond a 5% solution (NEC per. obs.) and may represent an environmental or user 

health concern. Moreover, the highest concentration of a 4% solutions of Virasure® 

Aquatic is only recommended for thermal fogging (i.e. hot mist) purposes by the 

manufacturer. Longer submergence times may also be impractical, especially in field 

scenarios. Currently, the use of 1% solutions are recommend by both manufactures for 

surface disinfection and submergence treatments, such as footbaths. However, 

solutions at double and quadruple this recommendation did not necessarily inhibit the 

production of new growth following maximum exposure of thirty or sixty minutes. In 

addition, as biosecurity applications should be non-time-consuming to encourage 

maximum participation (Sutcliffe et al. 2018), exposure times beyond thirty minutes 

may not be practical. 

Nevertheless, broad-spectrum aquatic disinfectants, which are widely used 

within aquaculture, may still provide an effective umbrella decontamination treatment 

for multiple taxonomic groups, such as invertebrates, bacterial, fungal and viral 

pathogens (Mitchell et al. 2007; Barbour et al. 2013; Stockton-Fiti & Moffitt 2013; 

Moffitt et al. 2015). However, the susceptibility of all IAS transportable life history 

stages to biosecurity treatments requires further examination. Yet, if a treatment can 
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induce complete invader mortality at its most robust life stage, it will also likely do so 

during more vulnerable life phases, although this will require confirmation (Coughlan 

et al. 2018a). Despite the clear need for further assessment, the use of disinfectants as 

part of biosecurity practices, which incorporate the procedural steps of visual 

inspection and the physical removal of any adhering organisms, may synergistically 

provide improved decontamination of equipment (Smith et al. 2019). Especially as 

plant material will often become noticeably entangled around equipment as a large 

clump (e.g. nets, outboard motors and boat anchors) (Rothlisberger et al. 2010). In 

such scenarios, chemical applications alone will not be capable of causing mortality of 

adhering plants, which will need to be physically removed. However, as other 

damaging invaders can contaminate equipment and even plant material (e.g. 

invertebrates and pathogens), chemical decontamination procedures will be an 

advantageous edition to spread-prevention strategies. Moreover, as small fragmentary 

propagules or a single invertebrate or pathogen can be exceedingly difficult to visually 

detect, but sufficient to establish new invader populations (Havel & Shurin 2004; 

Kuntz et al. 2014; Bickel 2015; Coughlan et al. 2017c), further examination of the 

effectiveness of broad-spectrum aquatic disinfectants to achieve complete 

decontamination of equipment is required. In particular, the use of chemical 

disinfectants in combination with other approaches merits consideration. For example, 

the efficacy of disinfection treatments could possibly be improved by incorporating 

additional cleaning protocols, such as immersion in hot water (≥ 45 °C; Anderson et 

al. 2015), direct steam exposure (Crane et al. 2019; Chapters 5 & 8) and extended 

drying times (Coughlan et al. 2018a; Shannon et al. 2018; Smith et al. 2019). The 

synergistic effects of various applications could possibly provide for greater efficacy.  
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Despite a lack of common approaches to biosecurity, spread-prevention of 

invaders has become integral to domestic and international IAS management strategies 

(Caffrey et al. 2014; Piria et al. 2017). Yet, although national and international 

legislation concerning spread-prevention has been implemented (e.g. EU Regulation 

1143/2014) invaders continuing to spread at an unprecedented rate, even between 

unconnected waterbodies (Caffrey et al. 2016; Seebens et al. 2017). Therefore, 

biosecurity protocols that maximise prevention of further invader spread remain an 

urgent priority to protect biodiversity in aquatic systems (Shannon et al. 2018; Sebire 

et al. 2018; Crane et al. 2019). Ideally, in order to engage maximum participation by 

all water users, biosecurity protocols should, inter alia, used materials that are readily 

available, be relatively easily applied with no specialist training required, be non-time-

consuming, inexpensive, and environmentally friendly (Stebbing et al. 2011; 

Anderson et al. 2015; Coughlan et al. 2018a; Crane et al. 2019; Sutcliffe et al. 2018). 

Although disinfectants, such as Virkon® Aquatic and Virasure® Aquatic, have been 

developed to induce mortality of bacterial, fungal and viral pathogens, confirmation of 

their ability to kill other IAS, including damaging parasites, such as the invasive 

salmon fluke Gyrodactylus salaris, under in-field conditions is required (Tidbury et 

al. 2018; Cuthbert et al. 2018). Finally, whilst the findings presented here indicated 

that aquatic disinfectants can induce substantial degradation of fragmentary 

propagules, confirmation of the concentrations and exposure times needed to prevent 

resumption of fragment growth is still required. However, it currently appears that 

these disinfectants will be of little practical use for spread-prevention of aquatic 

macrophytes. 
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Chapter 3:  

Dead and gone: steam exposure kills layered clumps of 

invasive Lagarosiphon major 
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Abstract 

Control and eradication of invasive macrophytes can be complex, costly and labour 

intensive. Therefore, biosecurity protocols for the prevention of further invader spread 

are considered an essential aspect of management strategies. However, following the 

physical removal of plant material found adhering to anthropogenic vectors, such as 

the removal of entangled clumps from around outboard engines, guidelines for 

appropriate disposal are often unclear, non-existent or inadequate. Here, I examined 

the use of direct steam exposure to cause complete degradation of layered clumps of 

invasive Lagarosiphon major (Ridley) Moss. Clumps were arranged as three stacked 

225 cm2 layers, with 40 ± 1 g of entangled stems per layer and steamed directly 

downwards. The top surface area was divided into nine subsections to ensure an even 

application of steam per 25 cm2 for: 5, 10, 30, 60, or 120-sec. This equated to 0.75, 

1.5, 4.5, 9, or 18-min steam applications, for the entire upward facing surface area. 

Ten seconds of steam exposure was observed to cause total degradation of the top and 

middle layers, while up to thirty seconds was required for the bottom layer. For shorter 

exposures, if new growth was observed, this was evidenced by a single new shoot of 

<5 mm in length following 28-days of recovery. Conversely, control specimens 

displayed excellent survival and resumption of growth. Accordingly, I suggest that this 

simple yet highly efficacious technique can be used to improve spread-prevention and 

disposal protocols for Lagarosiphon major, and potentially other invasive 

macrophytes.  
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3.1 Introduction 

Invasive alien species (IAS) are a serious threat to biodiversity, functioning and 

economic and recreational value of freshwater ecosystems worldwide (Booy et al. 

2017; Piria et al. 2017). Through the formation of expansive underwater stands of 

vegetation, submerged invasive macrophytes can have a detrimental effect on the 

physical, chemical and biological processes of freshwater ecosystems (Schultz & 

Dibble 2012; Hussner 2014). Although fragmentary propagules of invasive 

macrophytes can be dispersed between waterways (Rothlisberger et al. 2010; 

Coughlan et al. 2017a), the overland transportation of large clumps of plant material 

by anthropogenic vectors, such as angling equipment, nets and recreational boats, is 

thought to be responsible for a larger proportion of successful invasion events (Jerde 

et al. 2012). Once established, management options for suppression are frequently 

unsuccessful and costly endeavours (Hussner et al. 2017; Beric & MacIsaac 2015). 

Therefore, biosecurity measures that prevent further invader spread are considered to 

be the most cost effective and productive strategies for mitigating negative impacts 

(Booy et al. 2017). 

Although a variety of biosecurity protocols designed to supress invasive 

macrophyte populations (Beric & MacIsaac 2015) and curtail further spread (Crane et 

al. 2019; Cuthbert et al. 2019; Chapter 2) are available, the efficacy of some protocols 

has occasionally been called into question (Coughlan et al. 2019b; Cuthbert et al. 

2019; Chapters 2 & 5). For example, the ‘Check, Clean, Dry’ procedure is widely 

advertised as a standard protocol for prevention of invader spread. The effectiveness 

of this protocol is especially reliant on the hand-removal of any organisms found to be 

adhering to equipment, particularly in relation to clumps of entangled plant material. 

However, once removed, guidelines for effective disposal of plant material are often 
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unclear or non-existent. Most often, in practice, plant material is either returned to the 

water, causally left to accumulate on the ground, or moved to a designated area for 

biodegradation, through a mixture of desiccation and natural decomposition. 

Reintroduction into water is clearly inappropriate, while haphazard accumulations on 

the ground could also allow for some secondary dispersal. Further, secure refuse 

receptacle facilities, or appropriate waste management thereafter, may not be 

available. For example, it may not be permissible to dispose of large quantities of 

viable waste plant material in a general trash receptacle. In addition, transport and 

disposal of potentially viable invasive plant biomass may be prohibited by law except 

under strict licencing conditions (e.g. EU Regulation 1143/2014). In these cases, most 

waterway users will be legally prevented from knowingly moving waste material away 

from its site of origin. 

Incorrect or inadequate disposal of IAS can lead to further spread (Coughlan et 

al. 2019b; Cuthbert et al. 2019; Chapters 2 & 5). For example, clumps of invasive 

macropyhtes may become entangled around equipment (e.g. outboard motor) at an 

invaded site and subsequently be transported upstream to waterway access point, such 

as a boat ramp. Although water vessels and equipment may be thoroughly 

decontaminated following their removal from the waterway, once the physical removal 

of plant material from equipment has occurred, this material is often returned to the 

waterway. Yet, this may in effect act as an introduction event for an uninvaded site. In 

some instances, plant material removed from equipment may not be returned to the 

waterway, but rather left to desiccate and decompose. Although desiccation can limit 

the survival of macrophyte fragmentary propagules, many species display resumption 

of growth even following lengthy exposure to adverse conditions (Jerde et al. 2012; 

Bruckerhoff et al. 2015; Coughlan et al. 2018a). In particular, large clumps of stems 
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coiled into several layers, appear to be especially resistant to desiccation, which 

follows general physical principles, as larger clumps should have a lower surface area 

to volume ratio than single stems, and thus lower evaporative loss (Bruckerhoff et al. 

2015). Accordingly, there is an urgent need to establish effective, efficient, and 

environmentally-friendly disposal protocols. Recently, for example, to prevent further 

invader spread of invasive macrophytes, Crane et al. (2019) examined the ability of 

direct steam exposure to cause complete degradation of apical fragmentary propagules 

for seven invasive macrophyte species, owing to thermal shock. Their study also 

highlighted the need to determine the minimal steam exposure time required to effect 

degradation of entangled and clumped plant material, as larger fragments are likely to 

have a greater capacity for growth resumption following steam exposure (Jiang et al. 

2009). In particular, Crane et al. (2019) argued that large clumps of plant material 

composed of long stems coiled into several layers, would exhibit increased resistance 

to steam applications in a fashion similar to desiccation resistance.  

Lagarosiphon major, (Ridley) Moss 1928, is an invasive canopy-forming 

submerged macrophyte that can establish vast monocultures, which are notoriously 

difficult to control (Caffrey et al. 2010). Native to South Africa, in the Northern 

Hemisphere L. major displays over-winter growth and can achieve substantial biomass 

under conditions that are unsuitable for many native species, including within 

eutrophic waters (Martin & Coetzee 2014). Like many invasive macrophytes, L. major 

predominantly spreads through the dispersal of vegetative fragments, which have been 

observed to exhibit a high survival potential (Redekop et al. 2016; Coughlan et al. 

2018a). Notably, L. major is listed as a Species of Union Concern for the European 

Union, which requires Member States to prevent its further spread, control existing 

populations, and when feasible, endeavour to eradicate (EU Regulation 1143/2014). 
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In this Chapter, to further improve spread-prevention and disposal protocols, I assessed 

the efficacy of steam treatments to cause complete degradation of layered clumps of 

L. major.  

 

3.2 Methods 

3.2.1 Sample collection and cultivation  

Lagarosiophion major was collected from Lough Corrib, Co. Galway, Ireland 

(53°26'36.9"N; 9°19'17.5"W), and transported in source water to Queen’s University 

Marine Laboratory, Portaferry, Northern Ireland, UK, in sealed polyethylene bags. A 

cultivated stock of L. major was then maintained within a 2000 L aerated aquarium 

filled, and topped up, with locally sourced lake water (Lough Cowey: 54°24′41.79″N; 

5°32′25.96″W), without inclusion of any substrate. The aquarium was stored outdoors 

and was subject to natural daylight and ambient temperatures. L. major showed 

excellent survival and growth over a six month cultivation period, prior to 

experimentation.  

 

3.2.2 Steam exposure 

Stems of L. major, including branched stems and apical tips, were harvested 

from the aquarium. Excess water was gently shaken from the plant material, until 

dripping ceased. A wet-mass of 40 ± 1 g was then formed into coiled clumps (i.e. 

long stems wrapped into a clump) that consisted of mixed stem lengths of ~10–30 

cm. These clumps were then placed into flat, plastic mesh-bags (15 × 15 cm; mesh 

1.5 × 2 mm), so that the entire area of the mesh-bag contained plant material. Mesh-

bags were used to create distinct layers in a replicable fashion. Once filled, each 

mesh-bag had a layer thickness of 15–20 mm. Bagged L. major was then briefly 
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maintained within dechlorinated tap-water prior to experimental use (< thirty 

minutes). Following this, while still dripping, damp mesh-bags were then stacked to 

create a triple layer formation, under ambient laboratory conditions of ~20°C. Rather 

than applying steam with a supporting surface directly behind the stacked layers, the 

mesh-bags were elevated by 10 cm using a rigid mesh sheet. This thus allowed steam 

to potentially pass completely through the stacked clumps, while preventing heat 

transfer to any underling surface, such as stone, concrete or metal that could aid or 

inhibit thermal conductivity.  

To ensure that the entire upwards-facing surface area of the mesh-bags received 

the same steam exposure time, the stacked layers were overlaid with a metal quadrat 

consisting of nine grid-squares (15 × 15 cm; grid squares 5× 5 cm). Each 25 cm2 grid-

square was directly exposed to a continuous jet of steam (≥ 100 °C; 350 kPa; Karcher® 

SC3 Steam Cleaner) at a distance of 2–3 cm from the spout of the device for: 5, 10, 

30, 60, or 120-sec. In total, when all nine-grid squares were considered as a whole, this 

equated to 0.75, 1.5, 4.5, 9, or 18-min steam application for the entire upward facing 

surface area of the stacked clumps. The steam jet was continuously moved over the 

area of a single grid-square for the allocated exposure time. This process was repeated 

in a randomised fashion until all grid-squares had been treated by a single exposure 

time, e.g. all five seconds or all ten seconds, per stacked clumps. A randomised 

approach was used to mitigate against edge-effects of inflated steam exposure along 

consecutive grid-square. Controls were allowed to air-dry for an eighteen minute 

period as this equated to the longest steam exposure time, and were otherwise handled 

like treated groups. All treatments were replicated three times (i.e. three sets of three 

stacked layers). 
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To assess possible retention of vitality, immediately following steam exposure, 

L. major was removed from the mesh-bags and the contents of each bag were placed 

separately into clear plastic containers: 12 L × 8 W × 12 H cm;  high-density 

polyethene. To prevent additional thermal shock, L. major was allowed to cool for a 

fifteen minute period. Then, 1.1 L of aerated locally sourced lake water was added 

to each container (~ 12 °C). All containers were then stored within the laboratory at a 

constant temperature of 16 ± 1°C, under a 12:12 light to dark regime: 190 µmol m–2 s–

1. Tissue degradation and resumption of growth were assessed at 7-days following 

steam exposure, using a modified version of the degradation scale proposed by Crane 

et al. (2019: see Table 3.1). In essence, rather than assessing degradation at the level 

of an individual fragmentary propagule, the scale was applied to the entire clump of 

plant material (i.e. contents of each layered bag). Given that certain steam treated 

samples displayed new growth, all samples (including controls) were retained for a 

total of 28-days to confirm survival and sustained viability.  

Data analyses were performed using R v3.4.4 (R Core Development Team, 

2018). Kruskal-Wallis rank sum tests were used to separately assess the effectiveness 

of steam exposure at inducing degradation for each individual layer, given that 

Kruskal-Wallis tests are appropriate for analysis of non-parametric, ordinal-scale data.
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Table 3.1 Degradation scale describing visual tissue biodegradation stages and/or resumption of growth for aquatic macrophyte clumps (see Crane 

et al. 2019 for fragmentary propagules). 

Score Description 

0 New shoot and/or root growth present with degradation at fragmentation sites. 

1 New shoot and/or root growth present with paling or browning affecting any leaves. 

2 New shoot and/or root growth present with all leaves exhibiting paling or browning. 

3 New shoot and/or root growth present with more than or equal to 50% clump degradation. 

4 New shoot and/or root growth present with more than or equal to 90% clump degradation. 

5 No new shoot and/or root growth present with degradation at fragmentation sites. 

6 No new shoot and/or root growth present with paling or browning affecting any leaves. 

7 No new shoot and/or root growth present with all leaves exhibiting paling or browning. 

8 No new shoot and/or root growth present with more than or equal to 50% clump degradation. 

9 No new shoot and/or root growth present with more than or equal to 90% clump degradation. 

10 Complete degradation. 
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3.3 Results 

Steam exposures lasting five seconds caused substantial, but not complete 

degradation of the stacked clumps. However, the top layer showed complete and 

statistically significant degradation following steam treatments of ten seconds or 

longer, per 25 cm2 (i.e. score = 10: K-W: χ2 = 14.875, df = 5, P < 0.05: Table 3.2). 

Similarly, steam treatments of ten seconds or longer significantly caused degradation 

of all plant material in the second layer (K-W: χ2 = 14.500, df = 5, P < 0.05). In the 

third layer, there was significant degradation of all plant material following exposure 

times of thirty seconds or longer, per 25 cm2 (K-W: χ2 = 15.558, df = 5, P < 0.01). For 

steam treatments lasting five or ten seconds, where growth had resumed, this was 

identified by the production of new shoots only. No new roots were formed. In these 

cases, following the entire 28-day recovery period, only a single new shoot of < 5 mm 

in length was observed to grow from steam treated clumps, which evidenced viability 

(i.e. score < 5). In contrast, all control groups continued to display excellent survival, 

viability and increased biomass following the entire 28-day recovery period. 
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Table 3.2 Median degradation score describing visual biodegradation stages and/or resumption of growth for layered clumps of invasive 

Lagarosiphon major at 7-days post exposure to direct steam treatments (n = 3: see Table 3.1). Minimum and maximum range scores presented 

when applicable. Shaded region delineates complete degradation. Controls were allowed to air-dry for a fifteen minute period. 

Layer Exposure Time  

Exposure time per 25 cm2 (s): 
Control 

5 10 30 60 120 

Exposure time per 25 cm2 (m): 0.75  1.5 4.5 9 18 

1st : Top 1 4 (4-10) 10 10 10 10 

2nd : Middle 1 10 (4-10) 10 10 10 10 

3rd : Bottom 1 2 4 (2-10) 10 10 10 
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3.4 Discussion 

Steam treatments caused the complete degradation of L. major clumps. 

Following ten seconds of steam exposure, total degradation of the top and middle 

layers was observed, with up to thirty seconds of steam being required for the bottom 

layer. If new growth was observed, this was evidenced by a single new shoot 

displaying minimal growth, and only at lower intensity applications of steam, i.e. five 

and ten seconds per 25 cm2. Therefore, I suggest that steam treatments can be used to 

improve biosecurity protocols for the disposal of entangled and layered clumps of 

invasive L. major. Although further assessment will be required, given that direct 

steam exposure can cause complete degradation of fragmentary propagules for a 

variety of invasive macrophytes following ten seconds of exposure (Crane et al. 2019). 

Although Crane et al. (2019) examined relatively large apical fragmentary propagules 

for seven invasive macrophytes (35–185.6 mm; 0.11–0.86 g), this study highlights that 

large, layered clumps of coiled plants can also be effectively killed following exposure 

to steam. However, morphological and physiological differences of different 

macrophyte species may aid resistance to steam treatment, especially for layered 

plants. For example, species with more rigid stems or dense fronds may better insulate 

internal clump biomass than less rigid or dense structures, therefore requiring use of 

longer exposure times to achieve complete clump mortality. For instance, species such 

as Ceratophyllum demersum - which possess relatively rigid stem and frond structures 

- may require longer steam exposure than less robust species, such as Egeria densa. 

Further, emergent stems produced by some submerged macrophyte species, may also 

require longer steam exposure times to facilitate penetration of a potentially thicker 

outer cuticle for destruction of the meristematic tissue underneath. Overall, as 

untreated clumps returned to a waterbody can theoretically fragment into numerous 



48 
 

viable propagules, steam exposure appears to be a robust method for causing mortality 

of macrophyte clumps. In addition, complete degradation could potentially be 

achieved with shorter exposure times at distances >3 cm from the spout, by employing 

industrial steam cleaners capable of producing higher temperatures at greater pressures 

(e.g. 10–12 Bar; ≥ 180 °C), than the domestic household steamer used in this study 

(Coughlan et al. 2019b; Crane et al. 2019).  

Although other biosecurity procedures, such as immersion in water of 45 °C for 

15 minutes, can result in 100% mortality for some IAS (Anderson et al. 2015; 

Coughlan et al. 2019b), the practicality of upscaling some procedures for the disposal 

of large clumps of plant material is questionable. In addition, while chemical 

biosecurity methods have also been observed to be somewhat effective at inducing 

invader mortality, the application of these methods for macrophyte disposal remain 

unclear and unreliable (Cuthbert et al. 2018; 2019; Chapter 2). Equally, the 

environmental impact of large spills and improper chemical disposal would also need 

to be considered. Nevertheless, despite the proven efficacy of direct steam exposure to 

cause mortality in invasive macrophytes (Crane et al. 2019) and bivalves (Cahill et al. 

2019), the effect of steam exposure on certain items of equipment will need to be 

considered, as the potential damage to such equipment could deter anglers and other 

recreational craft users from utilising steam treatments as a biosecurity method. 

Accordingly, further assessment of non-target steam effects needs to be assessed. 

Having confirmed the efficacy of steam treatments to induce necrosis of L. major, 

further assessment of additional species-specific steam exposure efficacies necessitate 

examination. 

Steam applications also have the potential to be used as part of control and 

eradication strategies. For instance, in many waterways, invasive macrophytes are cut 
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and removed from the system but their disposal is often a strictly controlled, labour-

intensive and expensive process (Hussner et al. 2017). However, the integration of 

steam technology onto commercially operating weed-cutting boats, could facilitate 

improved control of these invaders, as plant material could be steamed on-board 

vessels before being released back into the waterway to safely decompose. However, 

the impact of subsequent changes to water chemistry, in relation to decomposition of 

the treated biomass, would need to be considered. For example, the decomposition of 

plant material may cause a temporary depletion of dissolved oxygen (Bianchini et al. 

2011), and can result in the release of large quantities of nutrients, such as phosphorus 

and nitrate (Nichols & Keeney 1973). Although the lowering of dissolved oxygen can 

negatively impact upon aquatic life, if steaming operations were conducted at the 

beginning of the growing season, prior to the accumulation of substantial plant 

biomass, negative effects would likely be minimised. In addition, steam treatments 

could also be used to improve on land disposal of invasive plant material in order to 

prevent secondary spread and simultaneously speed-up the decomposition process, 

thereby reducing the amount of space required for composting.  

Overall, the results presented here further highlight the use of steam treatments 

as an effective tool for invader disposal, and decontamination of equipment, with 

negligible risk to the environment and end-users once appropriate and risk assessed 

application procedures are implemented. However, further research designed to assess 

the effect of steam treatments on other IAS will need to be conducted (Coughlan et al. 

2019b). Following this, industrial steaming devices could be installed at designated 

biosecurity stations, positioned at highly frequented locations such as points of 

waterway entry and exit (e.g. angling locations and slipways: Coughlan et al. 2019b; 

Crane et al. 2019). Installation of self-service, automated or trained operator-attended 
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decontamination facilities could greatly reduce the transfer of IAS in a cost-effective, 

environmentally-friendly, yet highly successful way. Once physically removed from 

equipment and steamed, invasive plant material could then be placed within a 

designated disposal area, above the waterway flood line, and allowed to safely 

decompose.  
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Chapter 4: 

Touch too much: aquatic disinfectants and steam 

exposure treatments to prevent further spread of the 

highly invasive bloody-red mysid shrimp, Hemimysis 

anomala, and killer shrimp, Dikerogammarus villosus 
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Abstract 

Although biosecurity protocols to prevent the spread of invasive alien species (IAS) 

are now an essential aspect of IAS management programmes, the effectiveness of 

various biosecurity treatments require further exploration. Both bloody-red mysid 

shrimp, Hemimysis anomala and killer shrimp, Dikerogammarus villosus, are 

notoriously high impact and ecosystem destabilising invaders that have rapidly spread 

across Europe and also Northern America in the case of H. anomala. In this Chapter, 

I examined the effectiveness of three commonly used, broad-spectrum disinfectants, 

Virasure® Aquatic, Virkon® Aquatic, and Virkon® S, to cause mortality of H. anomala 

and D. villosus. Immersion and spray treatments with disinfectant solution of 1%, 2% 

and 4% were examined for applications of up to 300 secs immersion and for up to ten 

consecutive sprays. In addition, I assessed the effectiveness of steam spray (≥ 100°C) 

treatments for up to 120 secs. For all disinfectants, immersion in 1% solutions caused 

100% mortality at ≥ 120 secs. For H. anomala, 100% mortality was oberserved for 

specimens exposed to 1% disinfectant solutions for either complete immersion or mist-

spray (~4 ml of solution per spray) treatments, both lasting 60 seconds. Steam 

exposures lasted ≤ 30 seconds. For D. villosus, at higher concentrations, short 

immersion times caused 100% mortality: 60 and 15 secs for 2 and 4% solutions, 

respectively. Five sprays of 2 and 4% solutions resulted in 100% mortality, for all 

disinfectants. Although 100% mortality of D. villosus was achieved with ten sprays of 

1% Virasure® Aquatic, complete mortality was not observed following  exposure to 

ten sprays of either 1% Virkon® Aquatic or Virkon® S. Direct steam exposure was 

highly effective, with complete D. villosus mortality occurring at ≥ 10 secs. Overall, it 

appeared that brief exposure to broad-spectrum disinfectants and direct steam spray 

could be used to curtail the further spread of both H. anomala and D. villosus. 
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4.1 Introduction 

Biological invasions are a major driver of biodiversity loss, and detrimentally 

affect the structuring, functioning, economic and social value of ecosystems 

worldwide (Dudgeon et al. 2006; Rewicz et al. 2014). In particular, given the multiple 

dispersal pathways and array of vectors (Anderson et al. 2014; Bacela-Spychalska et 

al. 2013; de Ventura 2016) aquatic ecosystems are considered to be especially 

vulnerable to the introduction and further spread of IAS (Dudgeon et al. 2006; Caffrey 

et al. 2014; Piria et al. 2017). As emphasised throughout this thesis, management 

options for effective and efficient control and eradication of established IAS 

populations are often less preferred than protocols designed for prevention of IAS 

spread (e.g. Piria et al. 2017; Booy et al. 2017). Prevention of the introduction and 

secondary spread of IAS is the first line of defence, and biosecurity protocols designed 

to prevent IAS spread have become a key aspect of management strategies (Anderson 

et al. 2015; Shannon et al. 2018; Coughlan et al. 2018a; 2019b; Chapters 2, 5). 

Accordingly, there is an urgent need for simple prevention protocols that minimise risk 

of spread yet remain user and environmentally friendly (Sutcliffe et al. 2018; Crane et 

al. 2019; Cuthbert et al. 2018; 2019; Shannon et al. 2018; Sebire et al. 2018; Chapters 

2 & 5).  

Aquatic disinfectants such as Virasure® Aquatic, Virkon® S and Virkon® 

Aquatic are used by recreational water users and responsible authorities, including 

government agencies, for the decontamination of equipment (Caffrey 2010 WYGFD 

2018; WIDNR 2019). Although broad-spectrum aquatic disinfectants have been 

demonstrated to kill harmful pathogenic microbes and various invasive Mollusca 

species (e.g. Stockton-Fiti & Moffitt 2017), the effectiveness of these oxidising agents 

in killing free-living aquatic IAS requires further species-specific study (Sebire et al. 
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2018; De Stasio et al. 2019). Especially as species-specific efficacies frequently 

remain unknown. Recent studies have shown partial effectiveness of disinfectants in 

killing invasive aquatic plants and invertebrates (Cuthbert et al. 2018, 2019; Sebire et 

al. 2018; De Stasio et al. 2019; Chapter 2, 5 & 6). However, identification of optimal 

treatment exposure durations, solution concentrations, and disinfectant products 

needed to achieve complete mortality, whilst minimising time and expense, is still 

required. Similarly, direct steam exposure has also been proposed as a treatment to 

decontaminate equipment that may have been exposed to IAS (Stebbing & Rimmer 

2013; Cahill et al. 2019; Joyce et al. 2019). Applications of steam for 10-30 secs have 

been effective in killing both invasive macrophytes (Crane et al. 2019) and 

invertebrates (Stebbing & Rimmer 2013; Coughlan et al. 2019b; Chapter 5).  

The bloody-red mysid shrimp, Hemimysis anomala Sars, 1907, is a highly 

invasive, eurytolerant and ecosystem destabilizing crustacean species of Ponto–

Caspian origin, which has invaded North American and European waterways 

(Iacarella et al. 2015; Sinclair et al. 2016). Notably, H. anomala invasions can 

negatively affect populations of native zooplankton, resulting in both bottom-up and 

top-down detrimental impacts in nearshore food webs (Barrios‐O'Neill et al. 2014; 

Iacarella et al. 2015; Sinclair et al. 2016). Similarly, the killer shrimp, 

Dikerogammarus villosus (Sowinsky 1894), is a highly invasive euryoecious 

amphipod crustacean native to the Ponto-Caspian region. Capable of being spread by 

many anthropogenic vectors (Anderson et al. 2014; de Ventura 2016) and has a high 

potential to invade North America. Capable of destabilising ecosystems, D. villosus is 

an especially damaging invader that causes profound declines of native 

macroinvertebrate populations (Dick et al. 2002; Rewicz et al. 2014), and has been 

found to even prey upon fish eggs and larvae (Taylor & Dunn 2017). The propagule 
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pressure associated with D. villosus is considered to be high, as one gravid female can 

hold up to 190 eggs (Pöckl 2009), therefore, introduce of even one organism may result 

in establishment, as seen in other amphipod species (Wellborn & Capps 2013).  

In the case of both species, there is a clear need to prevent further introduction 

and spread. Further, the identification of practical and efficacious biosecurity protocols 

is essential for the reliable uptake of biosecurity practices by environmental 

stakeholders (Sutcliffe et al. 2017). Therefore, in this Chapter, the efficacy of selected 

broad-spectrum disinfectants and direct steam exposure to cause mortality of H. 

anomala and D. villosus, were examined. To achieve this, the effectiveness of various 

commonly used disinfectants, for a variety of exposure times, was assessed. In 

addition, I assessed the effectiveness of direct steam spray for a range of application 

durations. Examined exposure times were designed to reflect realistic application 

times achievable by users of such biosecurity protocols. I hypothesised that all 

examined treatments would cause substantial, if not complete mortality of H. anomala 

specimens. While I further hypothesised that greater concentrations and longer 

exposure times will cause substantial, if not complete mortality of D. villosus 

specimens, reducing potential propagule pressure. Equally, I expected that steam will 

induce thermal shock, rapidly killing both H. anomala and D. villosus. 

 

4.2 Methods 

4.2.1 Specimen collection and maintenance 

Hemimysis anomala specimens were collected from Garrykennedy Harbour, 

Lough Derg, Republic of Ireland (52°54'16.8"N 8°20'39.1"W). Specimens were 

transported in source water to the Queen’s Marine Laboratory, Northern Ireland, UK. 

Specimens were then maintained in aerated aquaria containing dechlorinated tap-
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water, at a constant temperature of 13°C, under a 12:12 hour regime, during May 2018. 

Specimens were acclimated to laboratory conditions for one week, and only active 

individuals that responded to tactile stimuli were selected for assessment. For all 

experiments, total individual specimen lengths ranged from 9-14 mm. 

Dikerogammarus villosus specimens were collected from Grafham Water, 

Cambridgeshire, UK (52o17’31.2"N, 0o19’23.9"W) and Cardiff Bay, UK 

(51o27’14.7"N, 3o09’50.4"W). Specimens were transported in source water to the 

University of Leeds, UK and housed in aerated aquaria filled with dechlorinated tap-

water, at a constant temperature of 14°C under a 12:12 hr light-dark regime, during 

July 2018. Organisms were acclimated for over one week prior to experimental use to 

ensure any mortality of specimens was not an artefact of transportation and laboratory 

maintenance conditions. Adult specimens were used as they have been shown to be 

less susceptible to disinfectant treatments than juveniles (Sebire et al. 2018). 

Specimens from Cardiff Bay were only used for the assessment of Virkon® S 

disinfectant spray treatments, due to a shortage of Grafham Water specimens. 

 

4.2.2 Immersion of Hemimysis anomala in disinfectant solutions 

The efficacy of Virasure® Aquatic (Fish Vet Group) and Virkon® Aquatic (Antec 

Int. DuPont) was examined using 1% (10 g L-1) disinfectant solutions as recommended 

the manufacturer for soaking treatments, and a 0% (0 g L-1) control. All solutions were 

made using aerated dechlorinated tap water. All treatment groups were replicated three 

times (i.e. n = 3), and each replicate contained five mysids. Prior to experimentation, 

replicate groups of five individual H. anomala were briefly maintained (< 10 mins) in 

aerated dechlorinated tap water. Using fine-meshed 100 μm sieves, groups were 

completely immersed into disinfectant solutions for 60 seconds. Control groups were 
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likewise immersed in dechlorinated tap water (i.e. 0% solution) for 60 seconds. 

Following experimental exposure, to remove excess disinfectant, all groups of H. 

anomala were removed from the experimental solution and re-immersed into 

dechlorinated tap water for a two-minute period; this was repeated twice (Cuthbert et 

al. 2019; Chapter 2). Following this, specimen groups were returned to 250 ml of 

aerated dechlorinated tap water for a six hour recovery period (13 °C) after which 

mortality was assessed. Specimens were considered dead if they did not respond to 

tactile stimuli. 

 

4.2.3 Immersion of Dikerogammarus villosus in disinfectant solutions 

The efficacy of Virasure® Aquatic, Virkon® Aquatic and Virkon® S (Antec Int. 

DuPont) was examined using 1% (10 g L-1), 2% (20 g L-1), or 4% (40 g L-1) disinfectant 

solutions, and a 0% (0 g L-1) control. For all disinfectants, the concentration 

recommended for general use against microbes is 1%, therefore this recommended 

concentration and additional doubled concentrations of 2 and 4% were focused on. All 

solutions were made using aerated dechlorinated tap water. Initially, immersion of 

specimens in 1% disinfectant solutions was assessed for four exposure times: 30, 60, 

120, and 300 seconds (n = 3 per experimental group). Following this procedure, 

immersion of specimens in 2% and 4% solutions were separately assessed for five 

exposure times: 5, 15, 30, 60, and 300 seconds (n = 3 per experimental group).  

 In all cases, groups of ten D. villosus were weighed (mean ± SE specimen wet-

mass: 115.0 ± 0.9 mg) and briefly maintained (< 30 mins) in aerated dechlorinated tap 

water prior to experimentation. Only active individuals that responded to a stimulus 

were selected; specimens that displayed visible parasitism or had recently moulted 

were not used. Using 100 μm sieves treatment groups were immersed in disinfectant 
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solutions for the allotted treatment period. Control groups were likewise immersed in 

dechlorinated tap water (i.e. 0% solution) for the same exposure times. Following 

experimental exposure, the fine-mesh sieves containing the groups of D. villosus were 

removed from the experimental solution and re-immersed in dechlorinated tap water 

for a two-minute period to remove excess disinfectant; this was repeated twice 

(Cuthbert et al. 2019; Chapter 2). Following the removal of excess disinfectant, 

specimen groups were returned to 200 ml of aerated dechlorinated tap water in their 

original containers for a 24 hr recovery period (14 °C; 12:12 hr light-dark), after which 

mortality was assessed. Specimens were considered dead if they did not respond to 

stimuli and did not hold their pereopoda under their body (see Shannon et al. 2018).   

 

4.2.4 Efficacy of disinfectant spray to kill Hemimysis anomala 

Mist-spray applications for both disinfectants were examined using 1% 

solutions, and a 0% control. As before, separate groups of five individual H. anomala 

were briefly maintained in aerated dechlorinated tap water (n = 3 per experimental 

group). Using 100 μm sieves, the groups were then directly exposed to ~4 ml of 

solution via an application of mist-spray, delivered using a hand-held mist-spray bottle 

at a distance of 3–4 cm from the bottle exit-point. Groups were then left air-exposed 

for a one-minute period (~20°C) to act as a procedural control, before being immersed 

in dechlorinated tap water to removed excess disinfectant. As before, the two-minute 

washing process was repeated twice. Then specimen groups were returned to 250 ml 

of aerated dechlorinated tap water and mortality was assessed following a six hour 

recovery period (13 °C; as above for H. anomala).  
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4.2.5 Efficacy of disinfectant spray to kill Dikerogammarus villosus 

Mist-spray applications for all three disinfectants were examined using 1%, 2% 

or 4% solutions, and a 0% control. Groups of five D. villosus were weighed (107.4 ± 

1.1 mg) and briefly maintained in fine-meshed sieves in dechlorinated tap water (< 30 

mins). The sieve was removed from the water and, using a hand-held spray bottle, 2, 

5 or 10 spray applications of a disinfectant solution were delivered, i.e. ~1.5, 3.75 or 

7.5 ml of disinfectant (n = 3 per experimental group). Spray treatments were directly 

applied to treatment groups held within sieves, at a distance of 6–8 cm from the exit-

point of the spray bottle. The sieves containing the experimental specimens were then 

left air-exposed for a five minutes period (~ 20°C), before being re-immersed in 

dechlorinated tap water for a period of two minute to removed excess disinfectant. 

This washing process was repeated twice, after which specimen groups were returned 

to 200 ml of aerated dechlorinated tap water and mortality was assessed following a 

24 hr recovery period (as before for D. villosus).  

 

4.2.6 Effectiveness of steam spray to kill Hemimysis anomala 

Specimens were directly exposed to a continuous jet of steam for ten or thirty 

seconds (≥ 100 °C; 350 kPa; Karcher® SC3). Groups of five individual H. anomala 

were briefly maintained in aerated dechlorinated tap water (n = 3 per experimental 

group). Using fine-meshed 100 μm sieves, steam was directly applied to groups held 

within sieves at a distance of 6–8 cm from the spout of the lance. Following exposure, 

to avoid a secondary thermal shock, groups were air-exposed for a five-minute period 

(~20 °C) before being re-immersed in dechlorinated tap water. Control groups were 

likewise air-exposed for five minutes. Mortality was assessed following a six-hour 

recovery period (13 °C; as above). 
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4.2.7 Effectiveness of steam spray to kill Dikerogammarus villosus 

Dikerogammarus villosus specimens were directly exposed to a continuous jet 

of steam for 5, 10, 30, 60, and 120 seconds (≥ 100 °C; Karcher® SC3) (n = 3 per 

experimental group). Groups of ten D. villosus were weighed (111.5 ± 2.4 mg) and 

briefly maintained in fine-meshed sieves in aerated dechlorinated tap water prior to 

experimentation. Steam was directly applied to groups held within sieves at a distance 

of 6–8 cm from the exit-point of the lance. Groups were then air-exposed for a 10 

minute period (~20 °C) to allow gradual cooling before being re-immersed in 

dechlorinated tap water. This period of gradual cooling was adopted to avoid a second 

thermal shock occurring if specimens were immediately returned to water after 

exposure to high temperatures. Control groups were air-exposed for twelve minutes, 

i.e. the duration of the longest steam exposure and cooling period combined. Mortality 

was assessed following a 24 hr recovery period (as before). 

 

4.2.8 Statistical analysis 

4.2.8.1 Mortality of Hemimysis anomala 

Separate binomial generalised linear models with logit links were used to assess 

the efficacy of treatments (i.e. (1) disinfectant soak, (2) disinfectant mist-spray, and 

(3) steam spray) in driving mortality of H. anomala. Bias reductions were used to 

account for complete separation (Firth, 1993). Analysis of deviance with Type II sums 

of squares were used to test for the main treatment effect in each model. Post-hoc 

pairwise comparisons of treatments were undertaken using estimated marginal means 

with Tukey-style adjustments for multiplicity. Significance was considered at the 95% 



61 
 

confidence level. Statistical analyses were performed using R v3.5.1 (R Core 

Development Team 2018).  

 

4.2.8.2 Mortality of Dikerogammarus villosus 

Mortality of D. villosus was analysed using generalised linear models (GLMs) 

assuming a binomial error distribution and logit link. Reduced-bias estimation and 

inference was used to account for complete separation (Kosmidis 2017). Likelihood 

ratio tests were used to obtain effect sizes and post hoc tests were performed using 

least-square means with Tukey adjustments to account for multiplicity (Lenth 2018), 

with α ≤ 0.05. First, the effects of immersion in 1% disinfectant solutions (4 levels: 

control; 1% Virasure® Aquatic; 1% Virkon® Aquatic; 1% Virkon® S) and exposure 

time (4 levels: 30 secs; 60 secs; 120 secs; 300 secs) were collectively analysed. Second, 

the effects of immersion in both 2% and 4% disinfectant treatments (7 levels: control; 

2%, 4% Virasure® Aquatic; 2%, 4% Virkon® Aquatic; 2%, 4% Virkon® S) and 

exposure time (5 levels: 5 secs; 15 secs; 30 secs; 60 secs; 300 secs) on mortality rates 

were likewise assessed. In all cases, non-significant terms and interactions were 

removed stepwise to obtain the minimum adequate model. Similarly, mortality rates 

following disinfectant spray treatments were examined using GLMs with respect to 

spray treatment (10 levels: control, 1%, 2%, 4% Virasure® Aquatic; 1%, 2%, 4% 

Virkon® Aquatic; 1%, 2%, 4% Virkon® S) and exposure time (3 levels: 2 sprays; 5 

sprays; 10 sprays).  Finally, the mortality rates of D. villosus following steam 

treatments were analysed using a GLM (6 levels: control; 5 secs; 10 secs; 30 secs; 60 

secs; 120 secs). Statistical analyses were performed using R v3.5.1 (R Core 

Development Team 2018).  
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4.3 Results 

4.3.1 Immersion in disinfectant solutions 

4.3.1.1 Immersion of Hemimysis anomala in disinfectant solutions 

Immersion in disinfectant had a significant effect on mysid mortality (GLM: χ2 

= 54.43, df = 2, P < 0.001: Table 4.1). Both Virkon® Aquatic and Virasure® Aquatic 

caused total mortality compared to control groups (both P = 0.003). Both disinfectant 

products had a similar effect on H. anomala (P > 0.05). As an observation, although 

mortality was formally assessed following a six-hour recovery period, it appeared that 

all H. anomala were immediately killed following immersion within 1% disinfectant 

solutions.  

 

4.3.1.2 Immersion of Dikerogammarus villosus in 1% disinfectant solutions 

Immersion in 1% disinfectant caused significant mortality in D. villosus (χ2 = 

432.32, df = 3, P < 0.001). Total mortality of D. villosus was evidenced following 

immersion in 1% of all three disinfectant solutions for ≥ 120 secs (Table 4.2). All 

control groups displayed 0% mortality. Furthermore, for 1% solutions, Virasure® 

Aquatic caused significantly higher mortality than either Virkon® Aquatic or Virkon® 

S (both P < 0.05). For example, at 30 secs exposure, Virasure® Aquatic resulted in > 

70% mortality compared to <50% mortality for both Virkon® disinfectants. Exposure 

time also significantly affected mortality (χ2 = 107.71, df = 3, P < 0.001), wherein the 

percentage mortality following immersion of 30 secs was significantly lower than that 

of longer exposure times (all P < 0.001). There was no significant interaction term (χ2 

= 9.16, df = 9, P > 0.05).  
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4.3.1.3 Immersion of Dikerogammarus villosus in 2% or 4% disinfectant solutions 

Following immersion treatments in 2% and 4% disinfectant solutions, total D. 

villosus mortality was observed for all disinfectant treatments at exposure durations of 

≥ 60 secs (Table 4.2). A low mean mortality rate of 3.3% was detected for the control 

groups. Overall, treatment had a significant effect on D. villosus mortality (χ2 = 712.59, 

df = 6, P < 0.001). Treatment with 2% Virasure® Aquatic was significantly more 

effective than either 2% Virkon® Aquatic or Virkon® S (both P < 0.001). Furthermore, 

immersions in all 4% disinfectant solutions were significantly more efficacious than 

2% disinfection in Virkon® Aquatic or Virkon® S (all P <0.001). However, submersion 

in 2% Virasure® Aquatic did not differ significantly from 4% Virasure® Aquatic or 

4% Virkon® Aquatic (both P > 0.05), whilst 4% Virkon® S was more effective than 

2% Virasure® Aquatic (P < 0.001). Immersion in 4% Virkon® S was significantly more 

effective in inducing D. villosus mortality than 4% Virkon® Aquatic (P < 0.001), yet 

was more similar to 4% Virasure® Aquatic (P > 0.05). Exposure time significantly 

affected mortality (χ2 = 499.42, df = 4, P < 0.001), with 5 secs and 15 secs exposures 

significantly less efficacious than 30 secs, 60 secs or 300 secs exposures overall (all P 

< 0.01). There was no significant interaction term (χ2 = 16.52, df = 24, P > 0.05). 

  

4.3.2 Disinfectant spray  

4.3.2.1. Disinfectant mist-spray treatments 

Disinfectant mist-spray treatment with disinfectants significantly affected 

mortality rates in H. anomala (GLM: χ2 = 54.43, df = 2, P < 0.001: Table 4.1). Both 

mist-spray treatments with Virkon® Aquatic and Virasure® Aquatic caused total 

mortality of mysids compared to control groups (both P = 0.003), whilst differences 

in efficacy between the two products were not statistically clear (both P > 0.05). As an 
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observation, with mortality being formally assessed following a six hour recovery 

period, it appeared that ~40–60% of H. anomala specimens were immediately killed 

following immersion within 1% disinfectant solutions. 

 

4.3.2.2 Efficacy of disinfectant spray to kill Dikerogammarus villosus 

Disinfectant spray treatments caused significant mortality of D. villosus (χ2 = 

247.43, df = 9, P < 0.001). A low mean mortality rate of up to 6.6% was recorded 

within control groups (Table 4.2). Total D. villosus mortality was observed following 

treatments of 2% and 4% solutions of all three disinfectants after five sprays. Five 

spray treatments of 1 % solutions resulted in high but not complete mortality. The 

maximum number of sprays tested here, 10 sprays, resulted in a mean mortality of 

86.6% for 1% Virkon® Aquatic and Virkon® S and 100% mortality for 1% Virasure® 

Aquatic. Treatment with 1% Virasure® Aquatic caused greater mortality rates than 

either 1% Virkon® Aquatic or 1% Virkon® S solutions (both P < 0.05), whilst the two 

Virkon® products were more similar (P > 0.05). All 4% disinfectant treatments caused 

significantly greater mortality than 1% Virkon® Aquatic or 1% Virkon® S solutions 

(all P < 0.01), but were more similar to 1 % Virasure® Aquatic (all P > 0.05). 

Treatments with 2 % disinfectants were similar among products (all P > 0.05). 

Increased quantity of sprays also significantly influenced mortality (χ2 = 140.99, df = 

2, P < 0.001), with mortality following 2 sprays being significantly lower than 

treatment with 5 or 10 sprays, at all concentrations (all P < 0.001). There was no 

significant interaction term between spray treatment and exposure (χ2 = 5.83, df = 18, 

P > 0.05).  
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Table 4.1 Mean (± SE) raw percentage mortality of Hemimysis anomala at six hours 

following exposure to disinfectant and steam treatments. All treatments were 

replicated three times, i.e. n = 3. Shaded region delineates complete mortality.  

Treatment Concentration Exposure 

Immersion in disinfectants 60 s 

Control 0% 0% 

Virasure® Aquatic 1% 100% 

Virkon® Aquatic 1% 100% 

Disinfectant mist-spray ~4 ml 60 s 

Control 0% 0% 

Virasure® Aquatic 1% 100% 

Virkon® Aquatic 1% 100% 

Steam spray  Control 10 s 30 s 

Steam ≥ 100 °C  6.7 ± 6.7% 100% 100% 

*Note all replicates were consistently 0% or 100%, with the exception of Steam 

Control.  
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4.3.3 Steam spray  

4.3.3.1 Efficacy of steam spray to kill Hemimysis anomala 

Steam spray treatments had a significant effect on H. anomala mortality rates 

(GLM: χ2 = 46.40, df = 2, P < 0.001: Table 4.1). Both ten and thirty second exposures 

caused complete, significant mortality compared to controls (both P = 0.003). There 

was no statistically clear difference between the two steam exposure durations (P > 

05). As an observation, although mortality was formally assessed following a six-hour 

recovery period, it appeared that all H. anomala were immediately killed following 

exposure to direct steam spray treatments. In addition, the incident of mortality for a 

single control specimen, appears to have been the result of a cannibalistic interaction.  

 

4.3.3.2 Efficacy of disinfectant spray to kill Dikerogammarus villosus 

Total D. villosus mortality was caused by direct steam exposures of ≥ 10 secs, 

whilst exposure for 5 secs resulted in mean 70% mortality (Table 4.2). All control 

groups displayed 0% mortality. Steam treatments had a significant effect on mortality 

of D. villosus (χ2 = 148.13, df = 5, P < 0.001). There were no significant differences 

in mortality among steam application durations (all P > 0.05). 
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Table 4.2 Mean (± SE) raw percentage mortality of Dikerogammarus villosus at 24 hr 

following exposure to disinfectant and steam treatments. All treatments were 

replicated three times. Shaded region delineates complete mortality. Con. = 

concentration.  

Treatment Con. Exposure Time (s) 

   5 15 30 60 120 300 

Immersion in 1% disinfectants       

Control 0% - - 0 0 0 0 

Virasure® Aquatic 1% - - 83.3 ± 12 100 100 100 

Virkon® Aquatic 1% - - 46.6 ± 3.3 96.3 ± 3.3 100 100 

Virkon® S 1% - - 40 ± 5.7 86.6 ± 3.3 100 100 
        

Immersion in 2% and 4% 

disinfectants 
      

Control 0% 0 0 3.3 ± 3.3 3.3 ± 3.3 - 0 

Virasure® Aquatic 

2% 
23.3 ± 

8.8 
100 100 100 - 100 

4% 
46.6 ± 

8.8 
100 100 100 - 100 

Virkon® Aquatic 

2% 
3.3 ± 

3.3 

56.7 

± 12 
100 100 - 100 

4% 
23.3 ± 

8.8 
100 100 100 - 100 

Virkon® S 

2% 
3.3 ± 

3.3 

56.7 

± 26 
86.6 ± 3.3 100 - 100 

4% 
80 ± 

15.3 
100 100 100 - 100 

        

      

Cont. over 
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   No. of sprays 

   2 5 10 

Disinfectant spray    

Control 0% 0 0 6.6 ± 6.6 

Virasure® Aquatic 

1% 66.6 ± 24 80 ± 20 100 

2% 20 ± 11.5 100 100 

4% 100 100 100 

Virkon® Aquatic 

1% 20 ± 11.5 66.6 ± 13.3 86.6 ± 13.3 

2% 13.3 ± 13.3 100 100 

4% 80 ± 20 100 100 

Virkon® S 

1% 6.6 ± 6.6 73.3 ± 13.3 86.6 ± 6.6 

2% 33.3 ± 13.3 100 100 

4% 100 100 100 

   Exposure Time (s) 

   Control 5 10 30 60 120 

Steam spray       

Steam ≥ 100 °C - 0 
70 ± 

25.2 
100 100 100 100 

 

 

 

4.4 Discussion 

4.4.1 Impact of biosecurity treatments on Hemimysis anomala 

Both immersion and mist-spray treatments with 1% disinfectant solutions were 

highly efficacious in causing H. anomala mortality. Similarly, steam spray 

applications were also highly effective, with total H. anomala mortality being 

observed for exposures durations of ≥ 10 seconds. These results are consistent with the 

high levels of efficacy reported for the immersion of juvenile bivalves within aquatic 

disinfectants (Barbour et al. 2013), as well as results for the exposure of adult bivalves 

(Stockton-Fiti & Moffitt 2017; Coughlan et al. 2019b; Joyce et al. 2019) and 
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macrophyte species to steam spray treatments (Crane et al. 2019b). In particular, De 

Stasio et al. (2019) documented 100% mortality for faucet snail, (Bithynia tentaculata 

Linnaeus, 1758) spiny water flea, (Bythotrephes longimanus Leydig, 1860), and H. 

anomala, following 20 minutes immersion, or ~5.4 mL mist spray with 20 minutes of 

air exposure, using a 2% solution of Virkon® Aquatic. Similarly, it appears that 

immersion and mist-spray treatments using 2% Virkon® Aquatic can also reliably kill 

New Zealand mud snail, (Potamopyrgus antipodarum Gray, 1843), following an 

exposure duration of ≥ 20 minutes (Stockton & Moffitt 2013; De Stasio et al. 2019). 

However, mixed results concerning the effectiveness of disinfectants to kill 

fragmentary propagules of invasive macrophytes have been reported (Cuthbert et al. 

2018, 2019; Chapter 2). Nevertheless, despite uncertainties, disinfectant and thermal 

shock treatments potentially represent suitable biosecurity measures to prevent further 

IAS spread.  

Overall, my results indicated that 1% solutions of broad-spectrum aquatic 

disinfectants and direct steam spray applications could be used to improve biosecurity 

protocols to prevent further anthropogenic-mediated spread of H. anomala. However, 

although 1% solutions can reliably kill H. anomala, the use of ≥ 2% concentrations (as 

tested by De Stasio et al. 2019) will likely bolster spread-prevention protocols for 

multiple species. Yet, the use of 1% concentrations may be preferential for cost 

reduction, or required for more delicate equipment that are worn close to the user’s 

skin, e.g. wetsuits. Importantly, although a recovery period of six hours was used, it 

appears H. anomala were immediately killed following disinfectant immersion and 

steam exposure. Accordingly, these treatments could provide for instantaneous in-field 

decontamination of equipment, reducing waiting-times and labour costs. 
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4.4.2 Impact of biosecurity treatments on Dikerogammarus villosus 

Immersion of specimens in disinfectant solutions was shown to be a suitable 

potential biosecurity treatment leading to complete D. villosus mortality. Mortality 

was greater at higher concentrations of disinfectant and for longer immersion 

durations. For all three disinfectants tested, total mortality of D. villosus was achieved 

following immersion times of ≥ 120, 60 and 15 secs for 1%, 2% and 4% solutions, 

respectively. Disinfectant spray treatments were also effective. Total D. villosus 

mortality was observed for all disinfectants at 2% and 4% solutions following five 

spray treatments. High mortality (> 85%) was recorded following 10 spray treatments 

of 1% solutions. Overall, for shorter immersion times and reduced spray exposure, 

Virasure® Aquatic solutions appeared to be marginally more effective. Steam exposure 

was highly efficacious, with complete mortality occurring at exposure durations of ≥ 

10 secs.  

Dikerogammarus villosus can adhere and remain attached to water users’ 

equipment (Bacela-Spychalska et al. 2013), upon which they are capable of surviving 

for up to 16 days in damp conditions (Anderson et al. 2015). Accordingly, overland 

transport of D. villosus by ‘tourist’ boats is considered to be a major vector of 

continued spread (Rewicz et al. 2017). Therefore, to inhibit the further overland spread 

of this highly invasive amphipod, biosecurity practices utilising disinfectant treatments 

would be especially beneficial for small items of PPE and equipment. For instance, 

wetsuits, waders and nets could be completely immersed in disinfection baths, while 

spray applications may be more suitable for the decontamination of larger equipment, 

e.g. boats, outboard motors, and vehicles (Stebbing et al. 2011; Stebbing & Rimmer 

2013). Furthermore, water intake-systems, designed to aid cooling of outboard motors, 

or large pipes such as those used in flood management could also be flushed with 
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disinfectant solutions. In addition, our results are in line with findings made by 

Stebbing and Rimmer (2013), that 10 second of steam exposure can deliver complete 

mortality of D. villosus. Overall, he results presented here further demonstrate that 

broad-spectrum disinfectants and direct steam spray applications could be used as part 

of effective and efficient biosecurity protocols to prevent the further anthropogenic-

mediated spread of D. villosus. 

 

4.4.3 Relevance of proposed biosecurity treatments 

The provision of in-field biosecurity stations for a range of stakeholders could 

act as a suitable mechanism to limit IAS spread (Crane et al. 2019; Sutcliffe et al. 

2018; Coughlan et al. 2019b). For example, biosecurity stations providing access to 

disinfectant baths would likely aid decontamination of small items of equipment, such 

as wetsuits, waders and nets could be completely immersed within disinfection baths 

(Barbour et al. 2013; Stockton & Moffitt 2013). Equally, disinfectant mist-spray 

applications may aid decontamination of larger equipment, e.g. canoes and paddles 

(Cuthbert et al. 2018; De Stasio et al. 2019). However, although effective against 

microbes and certain IAS (Stockton-Fiti & Moffitt 2017; Sebire et al. 2018), 

disinfectant treatments may not curtail the spread of other IAS (e.g. macrophytes - 

Cuthbert et al. 2018; Chapter 2). However, the findings presented here are in 

accordance with Sebire et al. (2018) who found 100% mortality of D. villosus after 

immersion in 1% Virkon® S for 15 mins. Importantly, for both disinfectants, a 1% 

concentration is recommended by the manufacturers for general use against microbes, 

and was likewise observed to be effectively cause mortality of H. anomala, in the 

present study. This therefore negates the need to examine higher concentrations, which 

are potentially user- and environmentally hazardous. Although the observed 
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efficaciousness was delivered with relatively short treatment times of 60 seconds, 

inhibiting the need to examine longer durations, further assessment of shorter exposure 

times may be beneficial. Further, I demonstrated that complete mortality of D. villosus 

can be achieved with short treatment durations (>120 secs) using 1% disinfectant 

solutions, making this treatment potentially a useful addition to in-field biosecurity 

measures. 

Interestingly, 1% Virkon S® kills damaging pathogens and parasites, such as the 

invasive salmon fluke, Gyrodactylus salaris, at a fifteen-minute exposure (Koski et al. 

2016). Nevertheless, high concentrations of Virkon S® are not suitable for use near 

freshwaters (Sebire et al. 2018). However, although Virasure® Aquatic and Virkon® 

Aquatic are more suitable for aquatic environments as they are composed of 

ingreditents that will quickly become quickly become inert. Overall, these results 

suggest that further examination of the efficacy of aquatic disinfectants to inhibit the 

spread of IAS is essential. Moreover, as the worldwide spread of IAS has rapidly 

increased in recent years (Seebens et al. 2017), there is a pressing need to conduct 

these studies. Currently, clarification of legal issues concerning the licensed use of 

Virasure® Aquatic and Virkon® Aquatic as a biosecurity agent against invasive 

organisms, other than viruses, bacteria, fungi, and moulds, is urgently required (Sebire 

et al. 2018). Equally, the incorporation of aquatic disinfectants within biosecurity 

management protocols requires immediate consideration by stakeholders, such as 

angling and sporting groups, policy makers and legislators. For example, Inland 

Fisheries Ireland (Caffrey 2010), Wisconsin Department of Natural Resources 

(WIDNR 2019), and Wyoming Game and Fish Department (WYGFD 2018) already 

implement decontamination protocols and encourage their adoption by all water-users.  
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The application of steam spray may prove to be highly beneficial, and may 

bolster existing biosecurity protocols for equipment used in aquatic systems (Crane et 

al. 2019; Joyce et al. 2019). In particular, steam treatments may be especially useful 

for decontamination of equipment items that are otherwise problematic to manually 

clean, such as niche areas or large complex structures, e.g. chain lockers, intake grates, 

pipework, trailers and vehicles (Joyce et al. 2019). Notably, in-field steam cleaning 

facilities could be established as biosecurity stations at points of waterway exit and 

entry, e.g. angling stations and boat ramps (Stockton & Moffitt 2013; Anderson et al. 

2015; Crane et al. 2019). With guidance, these could be operated by all water users or 

by a trained attendant (Joyce et al. 2019; Shannon et al. 2018). Further, practical in-

field application of these techniques will undoubtedly vary with the design and size of 

the equipment requiring decontamination (Piola & Hopkins 2012; Cahill et al. 2019). 

Protocols that target niche areas, blind-spots and high risk zones, such as intake grates, 

internal surfaces of pipework and baitwells, would need to be developed to achieve 

adequate decontamination (Cahill et al. 2019; Joyce et al. 2019). Such protocols, 

would need to ensure direct contact between the target organism and the selected 

decontamination agent for a sufficient exposure time. In addition, a greater focus on 

pre-entry biosecurity may be a more beneficial approach for some locations (Johnstone 

et al. 2014), such as decontamination prior to site entry, such as a ‘No Dip, No Draw’ 

policy enforced by some angling clubs, whereby equipment has to immersed in a 

disinfectant solution immediately prior to entering the site. Overall, however, the 

promotion and adoption of these techniques by biosecurity campaigns, stakeholder 

groups, and practitioners should be encouraged. 
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Chapter 5: 

Killed by death: spread-prevention of the invasive Asian 

clam, Corbicula fluminea 
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Abstract 

 Aquatic invasive alien species (IAS) negatively impact freshwater ecosystems on a 

global scale. As management options for control and eradication of established IAS 

populations are often complicated and costly, spread-prevention protocols are 

considered essential. The Asian clam, Corbicula fluminea (Müller, 1774), is 

considered a high-impact successful invader that can adversely alter freshwater 

habitats, community dynamics and ecosystem function. Accordingly, I examined the 

efficacy of a range of biosecurity techniques, including recommended (aquatic 

disinfectants, bleach and salt solutions) and more novel (hot water and direct steam) 

approaches, to induce adult C. fluminea mortality. In separate experiments, C. fluminea 

were submerged at 12 °C for up to 80 minutes in: 1) 2 % and 4 % solutions of 

Virasure® Aquatic and Virkon® Aquatic; 2) warm (30 °C) 2 % and 4 % solutions of 

these disinfectants; and 3) 10 % and 20 % bleach solutions. Furthermore, specimens 

were exposed to: 4) 30 % and 70 % salt solutions (NaCl) for up to 72 hrs; 5) hot water 

(35, 40 and 45 °C) for up to 20 minutes; and 6), direct steam exposure for up to 10 

minutes. Adult C. fluminea were found to be largely resistant to aquatic disinfectants, 

bleach and salt solutions, with ≤ 58 % mortality achieved at the maximum exposure 

times. However, immersion in hot water (≥ 45 °C) and direct steam exposure for five 

minutes and 30 seconds, respectively, rapidly caused mortality. Accordingly, simple 

biosecurity protocols that cause thermal shock appear highly effective. I discuss the 

need for further examination of biosecurity protocols across all life stages of current, 

emerging and potential IAS, and provide guidance for improving biosecurity practices.    
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5.1 Introduction 

Aquatic invasive alien species (IAS) are a serious threat to the biodiversity, 

ecological functioning, economic and social value of freshwater ecosystems 

worldwide (Sala et al. 2000; Simberloff et al. 2013; Sousa et al. 2014). Currently, 

management options for effective control and eradication of established IAS 

populations are resource-intensive and often do not deliver complete success (Caffrey 

et al. 2011b; Caffrey et al. 2014; Piria et al. 2017). Therefore, spread-prevention is 

considered key to mitigating further invader impacts (Barbour et al. 2013; Anderson 

et al. 2015; Coughlan et al. 2018a; Cuthbert et al. 2018). However, freshwater systems 

remain highly vulnerable to IAS introductions due to their exposure to multiple natural 

and anthropogenic transport pathways and a plethora of possible vectors, e.g. footwear, 

angling equipment, boats, vehicles and trailers (Rothlisberger et al. 2010; Banha et al. 

2017; Coughlan et al. 2017a). Accordingly, new and innovative biosecurity protocols 

that maximise prevention of invader spread are urgently required. In essence, 

biosecurity measures relate to all activities enacted to prevent the introduction and 

spread of invaders (Caffrey et al. 2014; Shannon et al. 2018). Ideally, biosecurity 

protocols should use materials that are readily available, relatively easy to apply, be 

non-time-consuming, and environmentally friendly (Anderson et al. 2015; Sutcliffe et 

al. 2018; Shannon et al. 2018; Crane et al. 2019).  

Although various biosecurity campaigns such as ‘Check, Clean, Dry’ have 

attempted to promote public awareness and reduce IAS spread, there is limited 

information detailing the relative efficacies of recommended biosecurity measures 

(Caffrey 2010; Barbour et al. 2013; Anderson et al. 2015; Piria et al. 2017). For 

example, broad-spectrum aquatic disinfectants (Barbour et al. 2013; Cuthbert et al. 

2018), desiccation (Coughlan et al. 2017b; 2018a), hot water (Anderson et al. 2015; 
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Shannon et al. 2018), and steam applications (Crane et al. 2019) have been suggested 

as suitable mechanisms to control IAS spread in freshwater systems. Although not all 

invader life stages (i.e. propagule, juvenile or adult) have been thoroughly assessed for 

susceptibility to chemical based treatments, these methods have proven effective 

against a variety of invasive Mollusca and macrophyte species (e.g. Barbour et al. 

2013; Stockton-Fiti & Moffitt 2017; Cuthbert et al. 2018), and risks of toxicity to fish 

and other aquatic organisms via residues and spills is low with good practice (see 

Stockton-Fiti & Moffitt 2017). 

The Asian clam, Corbicula fluminea (Müller, 1774), is considered a high impact 

invader that can dominate macroinvertebrate communities, physically alter benthic 

habitats, and disrupt ecosystem regulating services (McMahon 1982; Karatayev et al. 

2007; Sousa et al. 2008; 2014). Once established, populations of C. fluminea are 

notoriously difficult to eradicate or control (Caffrey et al. 2011a; Sheehan et al. 2014; 

Coughlan et al. 2018b). Moreover, C. fluminea has displayed a remarkable capacity 

for human-mediated passive dispersal (Belz et al. 2012; Lucy et al. 2012; Coughlan et 

al. 2017b). Despite repeated management efforts to reduce invader spread, C. fluminea 

continues to spread across hydrologically unconnected freshwater systems (Caffrey et 

al. 2016; Colwell et al. 2017). Moreover, recent distribution models suggest that 

suitable habitat availability will increase under the current rate of climate change, 

favouring the further expansion of C. fluminea populations (Gama et al. 2017).  

Effective biosecurity measures (i.e. soaking within 2% Virkon® Aquatic for > 10 

minutes) have been developed to prevent the spread of juvenile C. fluminea. (≤ 10 mm; 

Barbour et al. 2013). However, the efficacy of these biosecurity protocols on larger 

adult specimens, which can become entangled in equipment such as fyke nets, is 

currently unknown (Caffrey et al. 2016). Here, building on results already presented 
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in the literature (e.g. Barbour et al. 2013), I examined the efficacy of a variety of 

biosecurity techniques such as aquatic disinfectants, bleach and salt solutions, and 

more novel approaches of hot water and steam applications, to cause adult C. fluminea 

mortality.  

 

5.2 Methods 

5.2.1 Specimen collection and maintenance 

Adult Corbicula fluminea specimens were collected from the River Barrow in the 

Republic of Ireland (52°29′15.11″N, 6°55′42.20″W) during May 2016, and 

transported in source water (11 – 14 °C) to Queen's University Marine Laboratory 

(QML), Portaferry, Northern Ireland. Specimens were maintained in aerated aquaria, 

within locally sourced lake water, in a controlled temperature (CT) room (12 °C) on a 

12:12 hr light and dark schedule. The clams were observed to display normal feeding 

behaviour and a high rate of survival (c. 95 %). Specimens were allowed to acclimatise 

for at least one week prior to experimentation. All experiments were completed within 

a two week period, and performed within the CT room. Only specimens that were 

obviously alive and feeding were selected for experimental work, i.e. selected 

specimens were observed opening and/or extending the foot. Adult clams were 

selected based on shell height (SH), i.e. the maximum posterior to anterior axis, ‘umbo 

to gape’. After completion of the experiments, ≥ 1000 clams were maintained within 

the aquaria for over a three month period. Greater than 95 % survival of these 

specimens was observed.  
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5.2.2 Experiment 1: Efficacy of Virasure® and Virkon® solutions 

Building on Barbour et al. (2013), the efficacy of Virasure® Aquatic (Fish Vet 

Group) and Virkon® Aquatic (Antec Int. DuPont) was examined using 2 % (20 g L-1) 

and 4 % (40 g L-1) concentrations. A pilot study indicated that 1 % (10 g L-1) would 

be ineffective, therefore, higher concentrations of 2 % and 4 % were chosen. Groups 

of ten medium (SH = 15 – 20.9 mm; with a mean ± SE of 17.1 ± 0.3 mm) and large 

(21 – 36 mm; 26.7 ± 0.8 mm) specimens were immersed in solutions (dechlorinated 

tap water) at 12 °C of either chemical for 10, 20, 40 and 80 minutes (n = 5 replicates). 

Exposure times were chosen to incrementally increase to access whether complete 

mortality could be achieved within a reasonably prompt soaking time. Control groups 

were submersed in dechlorinated tap water for the same time periods to act as a 

procedural control. Immediately after submersion for the defined periods, specimens 

were washed with tap water for two minutes to remove excess disinfectant. Controls 

were likewise washed. All specimens were returned to 600 ml of dechlorinated 

bubbled water at 12 °C for a 24 hr recovery period, after which mortality was assessed. 

Specimens were considered dead if they were gaping, or if they did not offer any 

resistance to being teased apart with tweezers and did not reclose (see Matthews and 

McMahon 1999). 

 

5.2.3 Experiment 2: Efficacy of warm water solutions of Virasure® and Virkon® 

The synergistic efficacy of warm water (30 °C) and solutions of Virasure® Aquatic 

and Virkon® Aquatic was examined using 2 and 4 % concentrations. Adult clams had 

previously been observed to become more active (i.e. open and/or feed) in water baths 

maintained at 30 °C. Groups of ten medium to large sized specimens (SH = 15 – 26 

mm; 20.9 ± 0.8 mm) were immersed in solutions of either chemical for 10, 20, 40 and 
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80 minutes (n = 3 replicates). Control groups were submerged in warm (30 °C) 

dechlorinated tap water for the same time periods. All solutions were maintained at a 

constant temperature using water-baths. As before, after the desired exposure time was 

obtained, specimens were immediately removed from the chemical solutions. All 

specimens were allowed to air cool for a five minute period, to prevent additional 

thermal shock from contact with cooler water, and were then washed with tap water 

for c. two minutes. All specimens were allowed to recover for a 24 hr period, after 

which mortality was assessed.  

 

5.2.4 Experiment 3: Efficacy of bleach solutions 

Groups of ten specimens (SH = 15 – 26 mm; 19.6 ± 0.9 mm) were immersed in 5 

(50 ml L-1), 10 (100 ml L-1) or 20 % (200 ml L-1) bleach solutions (Parazone® Original) 

for 10, 20, 40 and 80 minutes (n = 3 replicates). Control groups were submersed in 

dechlorinated tap water. As before, after exposure, specimens were washed and given 

a 24 hr recovery period, after which mortality was assessed.  

 

5.2.5 Experiment 4: Efficacy of salt (NaCl) solutions 

Groups of ten specimens (SH = 15 – 26 mm; 20.1 ± 0.7 mm) were immersed in 

35 (35 g L-1) or 70 % (70 g L-1) aerated salt (NaCl) solutions (regular table salt) for 1, 

6, 24, 48 and 72 hrs (n = 5 replicates). Control groups were submersed in aerated, 

dechlorinated tap water. After exposure, specimens were washed and allowed to 

recover for a 24 hr period before mortality was assessed.  
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5.2.6 Experiment 5: Efficacy of hot water 

Groups of ten medium (SH = 15 – 20.9 mm; 16.8 ± 0.5 mm) and large (21 – 36 

mm; 26.4 ± 0.8 mm) specimens were immersed in water at 35, 40 and 45 °C for 5, 10 

and 20 minutes (n = 5 replicates). Constant water temperature was maintained using 

water-baths. Control groups were submersed in dechlorinated tap water at 12 °C. 

Immediately after submersion, all specimens were allowed to air cool for a 5 minute 

period, and were then washed. As before, specimens were given a 24 hr recovery 

period, after which mortality was assessed.  

 

5.2.7 Experiment 6: Efficacy of steam 

Groups of ten specimens (SH = 15 – 26 mm; 21 ± 0.3 mm) were directly exposed 

to a continuous jet of steam (≥ 100 °C; Bissell Steam Shot Handheld Steam Cleaner), 

at a distance of 2-3 cm from the source, for 10 sec, 30 sec, 1, 2, 5 and 10 minutes (n = 

5 replicates). Control groups were taken out of water and allowed to air dry for the 

same time periods. After exposure, all specimens were allowed to cool for a 5 minute 

period, were washed, and then allowed to recover for a 24 hr period, after which 

mortality was assessed.  

 

5.2.8 Statistical analysis 

All data were analysed in R version 3.3.3 (R Core Team 2017). The number of 

dead C. fluminea in each experiment was converted to proportional mortality rates and 

further transformed to reduce extremes (0s, 1s) before analyses to meet model 

assumptions (Eqn. 1; Smithson and Verkuilen 2006):  
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𝑦𝑡 = (𝑦(𝑛 − 1) + 0.5)/𝑛                                                                                      (1) 

 

where yt is the transformed output and n is the sample size. Beta regression using the 

‘betareg’ package in R (Cribari-Neto & Zeileis 2010) was used to analyse mortality 

rates in each experiment. Analysis of deviance was then applied to derive appropriate 

models, with Chi-squared test (χ2) used to report the relevance of effects to the 

dependent variable. Tukey's HSD method was employed for specific pairwise 

comparisons, where required. In all cases α = 0.05. 

 

5.3 Results 

5.3.1 Experiment 1: Efficacy of Virasure® and Virkon® solutions 

Between 86-100 % survival of control clam was observed. Mortality of medium 

and large clams exposed to aquatic disinfectants was up to 31 and 58 %, respectively 

(Figure 5.1). Significantly higher clam mortality was observed at greater disinfectant 

concentrations (χ2 = 133.3994, df = 4; P < 0.001), for larger clams (χ2 = 17.5215, df = 

1; P < 0.001) and at longer exposure times (χ2 = 40.2124, df = 3; P < 0.001; Figure 

5.1). Mortality levels for clams submersed in aquatic disinfectants were significantly 

higher than control treatments, across all concentrations (all P < 0.001). However, no 

significant differences between the efficacy of the different concentrations of 

Virasure® and Virkon® solutions were observed (all P > 0.05). Further, there were no 

significant differences between 10 and 20 minute exposures, nor 20 and 40 minute 

exposures (all P > 0.05). Significant interactions between the treatment, clam size and 

exposure time effects (i.e. treatment × time × size: χ2 = 23.7752, df = 12; P < 0.05) 
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reflected greater efficacies of Virkon® towards small clams and Virasure® towards 

large clams, alongside greater relative efficacies at longer exposure times (Figure 5.1).  

 

5.3.2 Experiment 2: Efficacy of warm water solutions of Virasure® and Virkon® 

While between 87-100 % of control clams survived, up to 54 % mortality was 

recorded for clams exposed to aquatic disinfectants at 30 °C. There was significantly 

higher clam mortality with higher disinfectant concentrations (χ2 = 24.840, df = 4; P < 

0.001), and at longer exposure times (χ2 = 44.598, df = 3; P < 0.001; Figure 5.2). 

Mortality of  clams treated with either aquatic disinfectant was significantly higher 

than controls (all P < 0.01), yet no significant differences between the efficacy of 

Virasure® and Virkon® solutions maintained at 30 °C were observed across any 

concentration (all P > 0.05). There was no significant difference in mortality rates 

amongst exposure times of 10, 20 or 40 minutes (all P > 0.05). Further, there was no 

significant interaction effect between treatment and exposure time (χ2 = 19.354, df = 

12; P > 0.05). 

 

5.3.3 Experiment 3: Efficacy of bleach solutions 

There was 89 % survival of control clams and up to 21 % mortality of clams 

exposed to bleach solutions. However, no significant treatment (χ2 = 1.6879, df = 3; P 

> 0.05) or exposure time (χ2 = 1.6668, df = 3; P > 0.05) effects were detected on clam 

mortalities (Figure 5.3).  

 

5.3.4 Experiment 4: Efficacy of salt (NaCl) solutions 

While there was 89 % survival of control clams, up to 48 % mortality was recorded 

for clams exposed to salt solutions. Significantly greater clam mortality was observed 
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at higher salt concentrations (χ2 = 107.410, df = 2; P < 0.001) and for longer exposure 

times (χ2 = 41.597, df = 4; P < 0.001; Figure 5.4). However, there was no significant 

difference in clam mortality detected between the 35 and 70 g treatments (P > 0.05). 

The significant interaction effect between treatment and exposure time reflects greater 

differences between 35 and 70 g treatments at intermediate exposure times (χ2 = 

17.902, df = 8; P < 0.01; Figure 5.4). 

 

5.3.5 Experiment 5: Efficacy of hot water 

There was between 93-98 % survival of control clams, and up to 100 % mortality 

of hot water-treated clams across both size classes. Overall, there was significantly 

greater clam mortality with increasing water temperature (χ2 = 1156.874, df = 3; P < 

0.001). However, there was no significant difference between the control and 35 °C 

treatment (P > 0.05). Mortality was not significantly affected by either clam size or 

exposure time, and there were no interactions between the treatment, clam size and 

exposure time effects (all P > 0.05; Figure 5.5).  

 

5.3.6 Experiment 6: Efficacy of steam 

Although 94 % survival of control clams was observed, up to 100 % mortality was 

recorded for steam-treated clams. The exposure to direct steam applications 

significantly increased clam mortality (χ2 = 1684.4, df = 6; P < 0.001; Figure 5.6), 

wherein maximum mortality was caused at, and beyond, an exposure time of 30 

seconds.  
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Figure 5.1 Mean mortality (± SE) of medium (A: SH = 15 - 20.9 mm) and large (B: 

SH = 21 - 36 mm) adult Corbicula fluminea specimens 24 hrs post-exposure to aquatic 

disinfectants Virasure® Aquatic and Virkon® Aquatic, at both 2 % (20 g L-1) and 4 % 

(40 g L-1) concentrations. Experimental groups, each consisting of  ten clams, were 

immersed in solutions (dechlorinated tap water) of either chemical for 10, 20, 40 and 

80 minutes (n = 5, with 400 clams per n).
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Figure 5.2 Mean mortality (± SE) of adult Corbicula fluminea specimens (SH = 15 - 

26 mm) 24 hrs post-exposure to warm water (30 ºC) solutions of aquatic disinfectants 

Virasure® Aquatic and Virkon® Aquatic, at both 2 % (20 g L-1) and 4 % (40 g L-1) 

concentrations. Experimental groups, each consisting of ten adult clams, were 

immersed in solutions of either chemical for 10, 20, 40 and 80 minutes (n = 3, with 

200 clams per n).
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Figure 5.3 Mean mortality (± SE) of adult Corbicula fluminea specimens (SH = 15 - 

26 mm) 24 hrs post-exposure to 5 (50 ml L-1), 10 (100 ml L-1) or 20 % (200 ml L-1) 

bleach solutions. Experimental groups, each consisting of ten clams, were immersed 

in solutions of either chemical for 10, 20, 40 and 80 minutes (n = 3, with 160 clams 

per n).
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Figure 5.4 Mean mortality (± SE) for groups of ten adult Corbicula fluminea 

specimens (SH = 15 - 26 mm) 24 hrs post-exposure to 35 (35 g L-1) or 70 % (70 g L-

1) aerated salt solutions (regular table salt) for 1, 6, 24, 48 and 72 hrs (n = 5, with 150 

clams per n). 
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Figure 5.5 Mean mortality (± SE) for groups of ten medium (A: SH = 15 - 20.9 mm) 

and ten large (B: SH = 21 - 36 mm) adult Corbicula fluminea specimens 24 hrs post-

exposure to hot water temperatures of 35, 40 and 45 °C for 5, 10 and 20 minutes (n = 

5, with 120 clams per n). 
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Figure 5.6 Mean mortality (± SE) of adult Corbicula fluminea specimens (SH = 15 - 

26 mm) 24 hrs post-exposure to a direct steam application, at a distance of 2-3 cm 

from the source, for 10 sec, 30 sec, 1, 2, 5 and 10 minutes (n = 5, with 70 clams per n).  

 

 

5.4 Discussion 

Globally, IAS continue to spread at an unprecedented rate, reducing biodiversity and 

altering ecosystem function (Seebens et al. 2017; 2018). Spread-prevention through 

effective and efficient biosecurity protocols has become integral to IAS management 

strategies. As a damaging invader that has shown a high degree of physiological and 

ecological plasticity, further spread and expansion of C. fluminea populations is of 

high ecological concern (Sousa et al. 2008; Caffrey et al. 2016). Previously, Barbour 
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et al. (2013) observed that a 2% solution of Virkon® Aquatic, at a five minute 

exposure, could induce c. 93 % mortality of juvenile C. fluminea specimens (5.1 – 10 

mm). Moreover, a variety of other studies have reported the efficacy of both Virasure® 

and Virkon® to cause substantial IAS mortality for mollusca species such as 

Melanoides tuberculate (Müller, 1774: Mitchell et al. 2007), Dreissena bugensis 

(Andrusov, 1897: Stockton-Fiti & Moffitt 2017) and the invasive plant Lagarosiphon 

major ((Ridley) Moss, 1928: Cuthbert et al. 2018). I found that the examined aquatic 

disinfectants Virasure® and Virkon® did not cause substantive mortality of adult C. 

fluminea, even when specimens are retained in a 4 % solution for up to 80 minutes. In 

addition, Experiment 2 further highlighted the ineffectiveness of both disinfectants to 

cause substantial mortality of adult C. fluminea specimens. Solutions at 30 °C yielded 

no noticeable increase in C. fluminea mortality by the examined aquatic disinfectants.  

The results presented here, detailing the ineffectiveness of salt and bleach 

solutions to cause C. fluminea mortality, concurred with those of Barbour et al. (2013). 

In particular, longer exposure times and a higher bleach concentration (20 %) than 

those examined by Barbour et al. (2013) failed to induce substantial adult C. fluminea 

mortality. This finding is unsurprising, as bivalves will close their valves and isolate 

themselves from the external environment during unfavourable environmental 

conditions (e.g. high salinity and low pH) (Davenport 1979; Sundaram & Shafee 

1989). Moreover, saline solutions will likely be even less effective for clams already 

acclimated to their upper saline tolerance (> 17 ppm, McMahon 1999). Previously, 

Anderson et al. (2015) found that exposure to hot water at 45 °C for 15 minutes can 

cause 100% mortality for a variety of IAS, including zebra mussels (Dreissena 

polymorpha) and killer shrimp (Dikerogammarus villosus). Here, Experiment 5 

demonstrated the efficacy of hot water (45 °C) to cause 100% mortality of C. fluminea 
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specimens at a five minute exposure. Furthermore, Experiment 6 revealed direct steam 

application can cause 100% mortality of adult C. fluminea specimens at a 30 second 

exposure.  

When compared to the disinfectant treatment efficacies reported by Barbour et al. 

(2013), these data suggest that adult C. fluminea are less susceptible than juveniles to 

previously proposed chemical biosecurity protocols. While the use of disinfection 

baths, cleaning protocols, and extended drying times are undoubtedly beneficial 

against IAS spread, I show that simple non-chemical methods such as immersion in 

hot water (≥ 45 °C) and direct steam exposure will rapidly cause mortality. Such 

methods appear to cause a substantial thermal shock and, therefore, will likely 

successfully kill many other IAS that are unable to tolerate brief, but rapid exposure 

to an environmentally extreme temperature (Coughlan et al. 2018b). In particular, hot 

water at 45 °C represents a safe, simple, cost effective, user- and environmentally-

friendly biosecurity application (Anderson et al. 2015); when water is not discharged 

or cooled appropriately.  

Many conventional biosecurity techniques can be difficult to incorporate into 

daily working practices, e.g. extended drying times (Sutcliffe et al. 2018; Shannon et 

al. 2018). However, hot water and steam applications may likely encourage high 

compliance amongst stakeholders such as angling and sporting groups, practitioners 

whose employment role places them in freshwater environments, and more general 

recreational water users. In particular, hot water and steam applications represent 

readily adoptable in situ biosecurity measures that are fast and easy to apply and 

produce rapid results. Moreover, when hot water immersion may not be feasible, such 

as for large nets, watercraft, trailers and vehicles, steam applications could be an 

effective alternative (Crane et al. 2019). Accordingly, the apparent excellent potential 
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of hot water and steam applications must be further explored. However, possible 

adverse effects of hot water and steam on carbon fibre fishing rods, fishing line, and 

other equipment items will need to be examined. In addition, the effect of applying 

steam at varying distances, i.e. a longer or shorter steam jet, will require further 

examination. Here, I applied steam at distance of 2-3 cm from its source point, 

however, greater distances between the source of a steam jet and the targeted 

organisms may reduce the efficacy of this treatment. Nevertheless, installation of basic 

steam cleaning devices and hot water facilities at frequently visited areas and points of 

entry (e.g. angling stations and boat ramps), may promote the adoption of these simple 

and environmentally-friendly biosecurity protocol (Piola & Hopkins 2012; Cahill et 

al. 2019; Crane et al. 2019). 

Application of multiple differential treatments within biosecurity protocols may 

also enhance overall inhibition of invader spread. The synergistic effects of various 

applications could provide for greater efficacy. For example, immersion of equipment 

into a hot water bath, followed by 30 second exposure to steam, may improve 

biosecurity for a range of IAS across various life stages. Equally, most protocols aim 

to enforce biosecurity procedures as visitors leave a site, or off-site prior to visiting a 

new aquatic area (Stockton & Moffitt 2013). However, biosecurity measures could be 

substantially improved by performing simple but efficacious procedures prior to 

entering a freshwater site and repeating this process prior to leaving the site (Johnstone 

et al. 2014). Such pre-entrance and post-departure biosecurity protocols may be 

particularly beneficial when adopted by water-users who frequently travel between 

freshwater sites (e.g. anglers, canoeists and kayakers) (Johnstone et al. 2014). In 

particular, the angling community has shown an awareness of IAS issues that can 

impact fishery watercourses, and are generally keen to adopt biosecurity measures 
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providing they are not excessively time consuming or costly (Granek et al. 2008). 

Importantly, a stronger emphasis on pre-entrance biosecurity alone may be particularly 

beneficial for sites of conservation or economic importance. Further, the development 

of biosecurity related infrastructure should now be a priority of stakeholder groups and 

policy makers (Barbour et al. 2013; Piria et al. 2017; Stockton-Fiti & Moffitt 2017). 

Installation of hot water and steam cleaning stations at frequently visited sites and 

points of entry, such as angling stations, harbours and boat ramps, would likely 

facilitate increased uptake of these simple but efficacious treatments by those working 

or undertaking recreational activities in the freshwater environment (Cahill et al. 2019; 

Crane et al. 2019; Shannon et al. 2018). Decontamination facilities could mimic the 

design of car wash stations.  

As only mortality rates 24 hrs after treatment have been recorded in the present 

study, future research should investigate for possible sub-lethal effects (e.g. acute or 

chronic morbidity) upon C. fluminea, other invaders and non-target organisms. For 

example, developmental and reproductive defects can occur in bivalve embryos that 

have been exposed to chemicals such as Virkon® (Dove & O’Connor 2007). In 

addition, greater consideration will need to be given to the susceptibility of all 

transportable life stages (i.e. propagule, juvenile or adult) of current, emerging and 

potential IAS to biosecurity treatments. However, if a treatment can cause complete 

invader mortality at its most robust life stage, it will also likely do so at more 

vulnerable growth phases. Despite the apparent success of previously proposed 

biosecurity protocols, such as aquatic disinfectants, additional examination may be 

required to ascertain the totality of treatment efficacy. However, until the complete 

efficacy of various biosecurity techniques are fully understood, at sites where 

damaging aquatic parasite and pathogens may be present, continued decontamination 
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of equipment using chemical disinfectants such as Virasure® and Virkon® is 

recommended (Anderson et al. 2014).  

The results presented here demonstrate that hot water (≥ 45 °C) and direct steam 

applications could be used for effective, efficient and environmentally-friendly 

biosecurity protocols to prevent further anthropogenic-mediated spread of adult C. 

fluminea. Accordingly, promotion and adoption of these techniques by biosecurity 

campaigns, stakeholder groups, and practitioners should be encouraged and 

incorporated into relevant Codes of Practice, with subsequent enforcement in relation 

to all water users.  
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Chapter 6: 

Better off dead: assessment of aquatic disinfectants and 

thermal shock treatments to prevent the spread of 

invasive Dreissena bivalves. 
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Abstract 

In recent years, biosecurity protocols designed to prevent further spread of invasive 

alien species have become a key component of invader management strategies. Yet, 

the species-specific efficacy of many biosecurity treatments are frequently unclear or 

unknown. Invasive quagga, Dreissena bugensis, and zebra mussels, D. polymorpha, 

are considered a serious threat to biodiversity, normal ecosystem functioning, and the 

recreational value of freshwater ecosystems worldwide. In this Chapter, I examined 

the effectiveness of two commonly used, broad-spectrum disinfectants (Virasure® 

Aquatic and Virkon® Aquatic) to cause mortality of adult D. bugensis and D. 

polymorpha. Immersion treatments within 2% or 4% solutions were examined for up 

to ninety minutes. In addition, I assessed the effectiveness of various thermal shock 

treatments: steam spray (≥ 100°C; ≤ 120sec); hot air (~500°C; ≤ 60sec); and dry ice 

exposure (-78°C; ≤ 300g; 15min). Although average mortality of D. bugensis varied 

between 40–90%, D. polymorpha displayed complete mortality following exposure to 

both disinfectants, at both concentrations. However, this was only consistently 

achieved at the maximum 90-minute exposure. Otherwise, for all other time intervals, 

mortality varied between 42–100%. For all examined adult Dreissena specimens, 

complete mortality was consistently achieved following thirty seconds of steam or ten 

seconds of hot air exposure. In addition, 300g of dry ice completely killed groups of 

D. polymorpha following a 15-minute exposure period. Overall, although exposure to 

broad-spectrum disinfectants did not reliably cause mortality, it appears that relatively 

brief exposure to steam, hot air and dry ice treatments could be used to curtail the 

further spread of the Dreissena species 
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6.1 Introduction 

Invasive alien species (IAS) can negatively impact freshwater ecosystems, as 

their presence frequently results in the detrimental alteration of biodiversity, ecological 

functioning, and the economic and social value of invaded waterways (Dudgeon et al. 

2006; Miehls et al. 2009; Sousa et al. 2014). As management options for effective 

control established invader populations are often expensive and resource-intensive, the 

prevention of further IAS spread is considered an essential component of an effective 

management strategy (Piria et al. 2017; Booy et al. 2017). Although a variety of 

biosecurity protocols designed to prevent the introduction and secondary spread of IAS 

have been developed and tested, such as immersion in hot water (Anderson et al. 

2015), or aquatic disinfectants (Cuthbert et al. 2018; 2019; Chapter 2), desiccation 

exposure (Coughlan et al. 2018a), and hot water spray (Shannon et al. 2018), the 

relative efficacies of many spread-prevention practices are often unclear or unknown 

(Anderson et al. 2015; Chapters 2, 4 & 5). As a result, there remains an urgent need to 

confirm the effectiveness of these treatments for additional IAS, to inform application 

guidelines to better minimise the risk of further IAS spread (Shannon et al. 2018; 

Crane et al. 2019; Coughlan et al. 2019a).  

Although originally developed to kill damaging pathogenic microbes, broad-

spectrum aquatic disinfectants such as Virasure® Aquatic and Virkon® Aquatic are 

being frequently used to aid decontamination of equipment for prevention of further 

IAS spread. However, even though some aquatic disinfectants have been observed to 

both partially and completely kill a variety IAS species (e.g. Cuthbert et al. 2018; 

Sebire et al. 2018; Chapters 2, 4 & 5), the species-specific susceptibility of invaders 

to disinfectant solutions still requires further confirmation, e.g. exposure durations and 

solution concentrations (Chapters 4 & 5). In addition, thermal shock treatments have 
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also been proposed as a mechanism to enable improved decontamination of equipment 

for the reduction of IAS spread (e.g. Stebbing & Rimmer 2013; Shannon et al. 2018), 

as well as facilitating the on-going control of established populations (Coughlan et al. 

2018b; 2019a,c). For example, applications of steam for 10-30 secs can kill both 

invasive macrophytes (Crane et al. 2019) and invertebrates (Bradbeer et al. 2019; 

Coughlan et al. 2019a; Cahill et al. 2019; Chapters 4 & 5). However, further 

assessment of steam applications as an IAS decontamination technique is required, 

including the identification of optimal and species-specific treatments (Bradbeer et al. 

2019; Crane et al. 2019; Chapters 2, 4 & 5). Moreover, as thermal shock treatments 

represent a promising research direction for the development of improved IAS control 

strategies (e.g. Coughlan et al. 2018b; 2019a,c), further examination of such treatments 

as spread-prevention tools should be considered. In particular, the use of thermal 

treatments to decontaminate niche areas, such as internal surfaces of pipework, merits 

further investigation (Piola & Hopkins 2012; Cahill et al. 2019).  

Invasive bivalve species, such as quagga, Dreissena bugensis (Andrusov, 1897) 

and zebra mussels, D. polymorpha (Pallas, 1771) are considered a major threat to the 

function and biodiversity of freshwater ecosystems worldwide (Higgins & Vander 

Zanden 2010; Sousa et al. 2014; Karatayev et al. 2015). As dominant filter-feeders, 

invasive Dreissena species can alter ecosystem structure and function through 

increased water clarity and the physical modification of benthic habitats (Karatayev et 

al. 2015). Such changes can result in zooplankton declines (Kissman et al. 2010), and 

increased populations of both benthic invertebrates and submerged aquatic vegetation, 

resulting in benthic orientated food-web structures (Mayer et al. 2002; Zhu et al. 2006; 

Miehls et al. 2009). Further, invasive Dreissena species frequently display a high 

degree of physiological and ecological plasticity (Sousa et al. 2014), and have a 
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remarkable capacity for anthropogenic (De Ventura et al. 2016) and even zoochorous 

dispersal (Coughlan et al. 2017). In addition, as biofouling organisms, Dreissena 

species can have a substantial negative economic impact (Nakano & Strayer 2014). 

Accordingly, a mosaic of freshwater environments are susceptible to the introduction 

and establishment of these invasive bivalves, which can subsequently act as new 

source locations facilitating further spread (Sousa et al. 2014; Karatayev et al. 2015). 

Therefore, there is an urgent need to better prevent the initial transport and introduction 

of these damaging invaders.  

In the present Chapter, I examined the efficacy of two commonly used oxidising-

agent based disinfectants, Virasure® Aquatic and Virkon® Aquatic, and various 

thermal treatments to cause mortality of D. bugensis and D. polymorpha. Although 2% 

Virkon® Aquatic has previously been recorded to effectively kill adult D. bugensis 

following ≥ 10 minute exposure times (see Stockton-Fiti & Moffitt 2017), uncertainty 

concerning the reliability of disinfectant treatments across different specimen size 

classes (see Chapter 5). In addition, assessed the effectiveness of immersion within 

disinfectant treatments for various exposure times and different concentrations. 

Similarly, I assessed the effectiveness of relatively rapid steam and hot air exposure, 

i.e. 5–120 seconds. Finally, the efficacy of commercially available dry ice pellets (i.e. 

solid CO2 pellets at -78 °C) to kill D. polymorpha was determined. I hypothesised that 

greater disinfectant concentrations and longer exposure times will cause substantial, if 

not complete mortality of both D. bugensis and D. polymorpha. Equally, I predicted 

that both steam and hot air induced thermal shock will kill the selected Dreissena 

species. Likewise, with the application of a large enough quantity, I expected dry ice 

to cause compete morality of D. polymorpha.  
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6.2 Methods 

 6.2.1 Specimen collection and maintenance 

For the assessment of disinfectant solutions and steam treatments, D. bugensis 

and D. polymorpha specimens were collected from Wraysbury River, Surrey, UK 

(51°27'02.3"N, 0°31'18.4"W) and Grafham Water, Cambridgeshire, UK 

(52°17'31.2"N, 0°19'23.9"W), respectively. Specimens were transported in source 

water to the University of Leeds, UK. Specimens were then housed in aerated aquaria 

filled with dechlorinated tap-water, at a constant temperature of 14 °C under a 12:12 

hr light-dark regime. In addition, for examination of thermal shock treatments, other 

than steam applications (see below), D. polymorpha specimens were collected from 

Lough Erne, Northern Ireland, UK (54°17′07.89″N; 7°32′52.61″W) and transported in 

source water to the Queen’s Marine Laboratory, Northern Ireland, UK. These 

specimens were likewise maintained in aerated aquaria containing one-part source 

water and one-part dechlorinated tap-water, at a constant 13°C under a 12:12 hr 

regime. In all cases, organisms were acclimated for one week before experimental use. 

 

6.2.2 Immersion in aquatic disinfectant solutions 

The efficacy of aquatic disinfectants Virasure® Aquatic (Fish Vet Group) and 

Virkon® Aquatic (Antec Int. DuPont) was examined using 2% (20 g L-1), or 4% (40 g 

L-1) disinfectant solutions, and a 0% (0 g L-1) control. All solutions were made using 

dechlorinated tap water. Disinfectant solutions were assessed for four exposure times: 

15; 30; 60; 90 min. Only actively filtering individuals that responded to mechanical 

stimuli were selected for experimentation.  

In all cases, groups of ten bivalves were briefly maintained (< thirty minutes) in 

dechlorinated tap water prior to experimentation (mean ± SE, min.–max. specimen 
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length for D. bugensis and D. polymorpha: 29.5 ± 0.1, 23.4–39.43 mm and 21.4 ± 0.1, 

18.51–29.84 mm, respectively). Each species was examined separately. Treatment 

groups were submerged into disinfectant solutions for the allotted treatment period. 

Control groups were likewise immersed in dechlorinated tap water (i.e. 0% solution) 

for the same exposure times. Following experimental exposure, the groups were 

immediately extracted, re-submerged in dechlorinated water for a two-minute period 

to aid the removal of excess disinfectant; this was repeated twice (see Cuthbert et al. 

2019; Chapter 2). Specimen groups were then returned to 250 ml of dechlorinated 

bubbled water (14 °C; 12:12 hr light-dark) for a 24 hr recovery period, after which 

mortality was assessed. Specimens were considered dead if they were gaping, or if 

they offered no resistance to being teased apart with tweezers and did not reclose. All 

disinfectant treatments were replicated three times per concentration, species and 

exposure time (i.e. n = 3).  

 

6.2.3 Direct steam exposure  

To examine the efficacy of steam treatments to kill D. bugensis and D. 

polymorpha specimens, groups of ten specimens (30.3 ± 0.3, 25.45 – 37.14 mm and 

21.3 ± 0.2, 17.48 – 26.95 mm, respectively) were directly exposed to a continuous jet 

of steam (≥100 °C; 350 kPa: Karcher® SC3 Steam Cleaner), at a distance of 2–3 cm 

from the spout of the device for: 5, 10, 30, 60, or 120 seconds. Each species was 

examined separately, and all treatments were replicated three times per species. All 

groups were briefly maintained in dechlorinated tap water and extracted as needed. 

Groups were held within fine-meshed flat-bottomed sieves during steam exposure. 

Control specimens were allowed to air-dry for a fifteen-minute period. After exposure, 

all specimens were cooled for a five-minute period. Following this, specimen groups 
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were returned to 250 ml of dechlorinated bubbled water (14 °C; 12:12 hr light-dark) 

for a recovery period of 24 hrs, after which mortality was assessed as above.  

 

6.2.4 Exposure of Dresissena polymorpha to hot air 

Dresissena polymorpha specimens were directly exposed to a continuous jet of 

hot air for: 5; 10; 30; or 60 seconds (~ 500 °C; Bosch Heat Gun PHG 500-2). Groups 

of ten D. polymorpha (20.45 ± 0.3, 16.6 – 25.83 mm) were briefly maintained in 

dechlorinated tap water and extracted as needed. Groups were placed as loose clump 

on a flat plastic board, and exposed to hot air at a distance of 2–3 cm from the spout 

of the device. All treatments were replicated three times. Control specimens were 

allowed to air-dry for a fifteen-minute period. After exposure, all specimens were 

cooled for a five-minute period. Following this, specimen groups were returned to 250 

ml of dechlorinated bubbled water (13 °C; 12:12 hr light-dark) for a recovery period 

of 24 hrs, after which mortality was assessed as above.  

 

6.2.5 Exposure of Dresissena polymorpha to dry ice 

To assess the efficacy of dry ice to cause mortality of D. polymorpha, groups of 

thirty specimens (23.9 ± 0.2, 18.1 – 29.9 mm) were exposed to 100, 200 or 300 g of 

commercially available 9 mm dry ice pellets for fifteen minutes. Dry ice was not added 

to control groups, which were allowed to air-dry for a fifteen-minute period. All 

treatments were replicated three times. Groups of clams were placed within cylindrical 

plastic containers of 234 mm (height) × 180 mm (diameter). This gave a density of 

1179 ind. m-2. The desired mass of the dry ice pellets was weighed and immediately 

added to the appropriate container. Dry ice pellets were distributed over the entire base 

area of the container as evenly as possible. Following exposure, specimens were 
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immediately removed from the experimental container. Any specimens embedded 

within the dry ice were carefully removed by hand, using a small metal ice-pick and 

cool tap water (~ 6 °C). Specimen groups were then returned to 600 ml of 

dechlorinated bubbled water (13 °C; 12:12 hr light-dark) for a 24 hr recovery period, 

after which mortality was assessed.  

 

6.2.6 Statistical analysis  

One-way analysis of variance (ANOVA) was used to test for significant 

differences in intraspecific bivalve shell lengths. Size differences were separately 

assessed for each experiment across all treatment groups in relation to disinfectant 

product used (i.e. Virasure® Aquatic, Virkon® Aquatic or control), exposure times for 

steam and hot air, and amounts of dry ice used. Means were pooled using all 

individuals within each replicate, for each respective treatment. Where residuals did 

not meet normality (Shapiro-Wilk test, P < 0.05) or homoscedasticity assumptions 

(Levene’s test, P < 0.05), a log10 transformation was applied to normalise residuals 

and homogenise variance. 

Binomial generalised linear models (GLMs) with logit links were used to 

examine bivalve mortality rates separately in each experiment. A fitting function was 

used within GLMs to account for instances of complete separation via the bias-

reducing adjusted scores approach (Firth 1993; Kosmidis & Firth 2009; Kosmidis 

2014). For each of the four experiments, models were structured initially as follows: 

(1) disinfectant, mortality ~ treatment (5 levels: control, 2% Virkon® Aquatic, 4% 

Virkon® Aquatic, 2% Virasure® Aquatic, 4% Virasure® Aquatic) * exposure (4 levels: 

15, 30, 60, 90 min) * species (2 levels: D. bugensis, D. polymorpha); (2) steam, 

mortality ~ exposure (6 levels: control, 5, 10, 30, 60, 120 seconds) * species (2 levels: 
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D. bugensis, D. polymorpha); (3) hot air, mortality ~ exposure (five levels: control, 5, 

10 , 30, 60 seconds); and (4), dry ice, mortality ~ treatment (4 levels: control, 100, 

200, 300 g).  

An information theoretic approach via model averaging was used to identify 

predictors of substantial importance in determining mortality rates of bivalves within 

each experiment. All possible models were identified and ranked based on a second-

order derivation of Akaike’s information criterion (AICc) for small sample sizes 

(Burnham & Anderson 2002; Barton 2018). For all candidate models, ΔAICc was 

discerned as the difference in AICc between the best model and model i. Models with 

ΔAICc ≤ 2 were considered interchangeable (Burnham & Anderson 2002). The AICc 

model weight was discerned based on the weight of evidence that a given model was 

the best among all those considered. The relative variable importance (RVI) for each 

predictor was then calculated by the sum of weights (wi) of models which contained 

the focal variable. Predictors with RVI near 1 are considered to have high importance 

(Burnham & Anderson 2002). Analysis of deviance was used to infer statistical 

significance of predictors in the top model. Where a significant interaction was found, 

Type III sums of squares were employed, whilst Type II sums of squares were 

implemented in the lack of a significant interaction (Langsrud 2003; Fox & Weisberg 

2011). Estimated marginal means were used post-hoc for pairwise Tukey comparisons 

of significant predictors (Lenth 2018). All statistical analyses were performed in R 

v3.5.1 (R Core Development Team 2018).  
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6.3 Results 

6.3.1 Disinfectant immersion 

For either species, intraspecific differences in shell lengths among specimens 

were not significantly different in relation to the tested disinfectant products (D. 

bugensis: ANOVA, F2, 6 = 3.60, P = 0.09; D. polymorpha: ANOVA, F2, 6 = 4.17, P = 

0.07). Total mortality was consistently observed in D. polymorpha following all 90-

minute disinfectant exposures, and following 15-minute exposures to 2% Virkon® 

Aquatic. Conversely, a maximum average of 80% mortality was observed in D. 

bugensis following disinfectant treatments. Controls for both species exhibited high 

survivability (Table 6.1). Treatment, exposure and species were of high importance in 

the top model (all RVI = 1; see Table 6.3). Furthermore, the ‘treatment × species’ and 

‘exposure × species’ interactions were of considerable importance (both RVI ≥ 0.99). 

A significant ‘treatment × species’ term (GLM, χ2 = 20.36, df = 4, P < 0.001) reflected 

significantly greater mortality of D. polymorpha compared to D. bugensis following 

all disinfectant treatments (all P < 0.05), whilst interspecific mortality rates were more 

similar in controls (P = 0.14). The ‘exposure × species’ interaction was also significant 

(GLM, χ2 = 31.90, df = 3, P < 0.001), with mortality rates of D. polymorpha 

significantly higher than D. bugensis following 90 minutes of exposure (P < 0.001), 

yet differences were less statistically clear under shorter disinfectant exposures (all P 

> 0.05).  

 

6.3.2 Steam exposure 

Size differences within D. bugensis and D. polymorpha specimens selected for 

exposure were not statistically apparent (D. bugensis: ANOVA, F5, 12 = 0.47, P = 0.79; 

D. polymorpha: ANOVA, F5, 12 = 2.51, P = 0.09). For both species, total mortality was 
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observed following steam exposures at or exceeding 30 seconds (Table 6.2). Both the 

exposure and species terms were of high importance (RVI ≥ 0.99), whilst their 

interaction was relatively unimportant (RVI < 0.01; Table 6.3). Steam treatment 

caused significant mortality in bivalves (GLM, χ2 = 334.11, df = 5, P < 0.001), with 

exposures for 10 seconds or longer causing significantly greater mortality than control 

or 5 second groups (all P < 0.001). Differences between 5 second exposures and 

control groups were not statistically clear (P = 0.05). Mortality rates of D. polymorpha 

were significantly higher than D. bugensis overall (GLM, χ2 = 9.56, df = 1, P = 0.002). 
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Table 6.1 Mean (± SE) raw percentage mortality of Dresissena bugensis and D. 

polymorpha at 24 hr following immersion in 2% (20 g L-1) or 4% (40 g L-1) disinfectant 

solutions, and a 0% (0 g L-1) control, for various exposure times. All treatments were 

replicated three times. Shaded region delineates complete mortality.  

Treatment 
Concentrati

on 
Exposure Time (min) 

  15 30 60 90 

Immersion in disinfectant 

solutions 
    

D. bugensis     

Control 0% 0 0 3.3 ± 3.3 0 

Virasure® 

Aquatic 
2% 66.7 ± 8.8 56.7 ± 3.3 63.3 ± 6.7 70 ± 5.8 

Virasure® 

Aquatic 
4% 46.7 ± 3.3 76.7 ± 3.3 73.3 ± 8.8 66.7 ± 6.7 

Virkon® 

Aquatic 
2% 73.3 ± 3.3 73.3 ± 3.3 80 ± 5.8 73.3 ± 3.3 

Virkon® 

Aquatic 
4% 46.7 ± 3.3 80 ± 10 46.7 ± 6.7 56.7 ± 8.8 

D. polymorpha     

Control 0% 0 0 0 0 

Virasure® 

Aquatic 
2% 76.7 ± 3.3 96.7 ± 3.3 80 ± 5.8 100 

Virasure® 

Aquatic 
4% 56.7 ± 14.5 86.7 ± 3.3 53.3 ± 6.7 100 

Virkon® 

Aquatic 
2% 100 96.7 ± 3.3 90 100 

Virkon® 

Aquatic 
4% 83.3 ± 6.7 70 ± 5.7 86.7 ± 6.7 100 
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Table 6.2 Mean (± SE) raw percentage mortality of Dresissena bugensis and/or D. 

polymorpha at 24 hr following the application of thermal shock treatments, i.e. steam, 

hot air, or dry ice exposure. All treatments were replicated three times. Shaded region 

delineates complete mortality.  

 

 

 

 

 

 

 

 

 

 

Treatment Exposure Time (sec) 

 Control 5 10 30 60 120 

Steam spray (≥100°C)       

D. bugensis 3.3 ± 3.3 6.7 ± 6.7 73.3 ± 26.7 100 100 100 

D. polymorpha 0 36.7 ± 3.3 96.7 ± 3.3 100 100 100 

Hot air (~ 500°C)       

D. polymorpha 0 56.7 ± 8.8 100 100 100 -- 

 Treatment (g) 

 Control 100 200 300 

Dry ice (-78°C)     

D. polymorpha 0 71.1 ± 4.8 96.7 ± 1.9 100 
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Table 6.3 Model averaging results of binomial generalised linear models (GLMs) 

considering bivalve mortality rates in: I) disinfectant immersion as a function of 

treatment (t: 5 levels), exposure (e: 4 levels) and species (s: 2 levels); II) steam 

exposure as a function of exposure (e: 6 levels) and species (s: 2 levels); III) hot air 

exposure as a function of exposure (e: 5 levels); and IV) dry ice exposure as a function 

of treatment (t: 4 levels). ∆AICc is the difference between the focal model and the 

model with the lowest AICc, weight wi is the probability that the focal model is the top 

model, while Cum. wi denotes cumulative model weights. Models with high 

importance (∆AICc ≤ 2) are shown here. 

Experiment GLMs Model df logLik AICc ∆AICc wi Cum. wi 

Disinfectant 

immersion 

t + e + s + 

t:s + e:s 

16 -

134.33 

305.94 0.00 0.99 0.99 

Steam exposure e + s 7 -29.33 86.27 0.00 0.99 0.99 

Hot air exposure e 5 -7.00 30.66 0.00 1.00 1.00 

Dry ice exposure t 4 -11.22 36.15 0.00 1.00 1.00 

 

 

6.3.3 Hot air exposure 

Dreissena polymorpha size differences among treatment groups were not 

statistically clear (ANOVA, F4, 10 = 2.20, P = 0.14). Total mortality of bivalves was 

found following hot air exposures at or above 10 seconds (Table 6.2). Exposure held 

high importance as a predictor variable (RVI = 1.00; Table 6.3). Accordingly, hot air 

applications caused significant mortality in D. polymorpha overall (GLM, χ2 = 134.78, 

df = 4, P < 0.001), with all exposures driving significant mortality compared to 

controls (all P < 0.05). Differences among hot air treatments were not statistically 

apparent (all P > 0.05).  
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6.3.4 Dry ice exposure 

Dreissena polymorpha specimens selected for experimentation did not 

significantly differ in size (ANOVA, F3, 8 = 0.83, P = 0.51). Total mortality of D. 

polymorpha was exhibited following 300 g treatments (Table 6.2). Dry ice application 

was a highly important predictor (RVI = 1.00; Table 6.3), with treatment significantly 

influencing bivalve mortality rates (GLM, χ2 = 320.32, df = 3, P < 0.001). Mortality 

following dry ice exposure was always significantly higher than controls (all P < 

0.001). In turn, 200 g and 300 g exposures caused significantly greater mortality than 

100 g exposures (both P < 0.05); differences between 200 g and 300 g applications 

were not statistically clear (P = 0.57). 

 

6.4 Discussion 

Immersion within 2% and 4% solutions of Virasure® Aquatic or Virkon® 

Aquatic did not reliably kill adult Dreissena, other than for D. polymorpha specimens 

exposed to either disinfectant for the maximum 90-minute period, at both 

concentrations. For both species, although high if not complete mortality was observed 

for almost all treatments, these findings lack a clear consistency. In particular, shorter 

2% exposure treatments with either disinfectant product often induced greater 

mortality than longer immersion times within 4% solutions for both disinfectants, e.g. 

D. polymorpha following 15 minutes exposure to 2% Virkon® Aquatic. Similar results, 

concerning the exposure of adult Asian clam, Corbicula fluminea, to 2% and 4% 

solutions of Virasure® Aquatic or Virkon® Aquatic for up to 80 minutes are reported 

by Coughlan et al. (2019a; specimen shell heights: 15–36 mm). As mentioned in 

Chapter 5, high levels of bivalve survival following exposure to chemical disinfectants 
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is unsurprising, and likely reflects a deliberate behavioural strategy whereby bivalves 

close their valves and isolate themselves from unfavourable environment conditions 

(Bayne et al. 1976; Davenport 1979). Likewise, Mitchell & Cole (2008) also report 

faucet snails (Bithynia tentaculata, Linnaeus, 1758), to be highly resistant to Virkon® 

at concentrations of 0.5–1% (5–10 g L-1), for up to 60 minutes.  Despite these low 

reported efficacies, Barbour et al. (2013) observed that a 2% solution of Virkon® 

Aquatic, at a five-minute exposure, could induce ~93% mortality of juvenile C. 

fluminea specimens (shell heights: 5.1–10 mm). Accordingly, greater consideration of 

the effectiveness of chemical disinfectants in relation to specimen life stage is required.  

Stockton-Fiti & Moffitt (2017) recorded the complete mortality of adult D. 

bugensis following ≥ 10 minutes exposure to 2% solution of Virkon® Aquatic. 

Although the incidental observation of a release of a white cloudy film from shells 

during disinfectant exposure was also observed in the present study, rapid mortality 

was not observed. Likewise, following the recovery period, some shell of both 

Dreissena species displayed a bleached or translucent appearance (Stockton-Fiti & 

Moffitt 2017). Interestingly, interspecific differences concerning disinfectant 

treatment efficacies, as highlighted by the present study (D. bugensis and D. 

polymorpha: 23.4–39.43 and 18.51–29.84 mm, respectively), could be reflective of 

species size class differences. Therefore, I argue, that the disparity of observed 

mortality rates for D. bugensis between the result recorded herein and by Stockton-Fiti 

& Moffitt (2017), may at least in part be attributed to differences in size class of 

specimens used, i.e. 5–20 mm. Other parameters, such as source location and time of 

year, could also contribute to intra– and interspecific variability in relation to the 

efficacy of tested treatments, as tolerance limits of bivalves will vary amongst different 

populations acclimated to differential biotic and abiotic conditions can show a degree 
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of physiological and ecological plasticity (e.g. McMahon & Ussery 1995; Sousa et al. 

2008; Naddafi et al. 2012). Accordingly, further examination of size class related 

effects will need to be considered when determining the effectiveness of aquatic 

disinfectants to cause mortality of bivalve species. Equally, differences in duration of 

post treatment recovery periods may influence the proportion of dead bivalves 

recorded, with longer recovery periods facilitating improved determination (e.g. 72 hr; 

Stockton-Fiti & Moffitt 2017). Overall, it appears that aquatic disinfectants will not 

effectively kill all adult Dreissena specimens within a relatively rapid 24 hr period 

following treatment, which may allow for recovery and further dispersal.   

For both Dreissena species, complete mortality was reliably achieved following 

steam exposure of ≥ 30 seconds. This result is consistent with the high levels of 

efficacy reported for steam spray treatments by a number of other studies, concerning 

bivalve (Cahill et al. 2019; Joyce et al. 2019; Chapter 5), crustacean (Chapters 4) and 

macrophyte species (Crane et al. 2019). Similarly, for D. polymorpha, exposure to a 

hot air jet lasting 10 seconds or longer consistently caused complete mortality of 

examined specimens. Although the innovative application of hot air treatments for the 

spread-prevention of IAS appears to be novel, more substantial thermal shock 

treatments designed to supress and eradicate established populations of C. fluminea 

buried with substrate have also been observed to be effective under laboratory 

conditions (open-flame burn, ~1000 °C; Coughlan et al. 2019b). In addition, following 

a 15-minute exposure period, thermal shock caused by 300 g of dry ice (-78°C) 

completely killed groups of 30 D. polymorpha specimens. Similarly, Coughlan et al. 

(2018b) documented 100% mortality of 30 C. fluminea specimens directly exposed to 

350 g of dry ice for a 15-minute period, at the same specimen density of 1179 ind. m-

2. For spread-prevention purposes, dry ice application could be used to kill Dreissena 
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species within niche areas that are difficult to manually clean, such as chain lockers 

and internal surfaces of pipework. Further, given that Dreissena species reside upon, 

rather than within substrates, thermal shock treatments of steam, hot air and dry ice 

applications could also be potentially used for control in areas were mussels become 

exposed to air during instances of low water levels, such as  water draw-down events 

levels. However, whilst promising, the efficacy of steam and hot air treatments to 

prevent further invader spread requires confirmation under field-conditions.  

Overall, although exposure to broad-spectrum disinfectants did not reliably 

cause mortality, it appears that relatively brief exposure to steam, hot air and dry ice 

treatments could be used as part of effective and efficient biosecurity protocols to 

prevent further spread of the Dreissena species. Further, as treatment times are 

considered a barrier to good biosecurity practice (Sutcliffe et al. 2018), rapidly applied 

thermal treatments may prove to be highly beneficial, especially when combined with 

other cleaning methods, such as hand removal, brushing or scraping (Crane et al. 2019; 

Bradbeer et al. 2019; Chapter 4). In principal, thermal treatments likely represent a 

particularly environmentally-friendly mechanism for IAS spread-prevention, as steam, 

hot air and dry ice will rapidly dissipate into the surrounding air (Coughlan et al. 

2018b; 2019a,c; Joyce et al. 2019; Chapters 5, 7-9). Given that Dreissena species 

frequently homogenise freshwater habitats (Sousa et al. 2014; Karatayev et al. 2015), 

thermal shock treatments could also be preferable to mechanical and chemical 

population control methods, which can result in detrimental habitat alteration (e.g. 

dredging methods), wider waterway impacts and have lingering effects (Sousa et al. 

2014; Coughlan et al. 2018b; Crane et al. 2019).  

The use of thermal treatments also negates the issues surrounding the use of 

chemical disinfectants, in relation to waste disinfectant disposal, run-off catchment, 
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and legal uncertainties (Cuthbert et al. 2018, Sebire et al. 2018; Bradbeer et al. 2019; 

Chapters 2 & 4). Thermal treatments may also aid decontamination of equipment items 

that are problematic to otherwise manually clean such as niche areas or large complex 

structures, e.g. intake grates, chains, pipework, trailers and vehicles (Cahill et al. 2019; 

Crane et al. 2019; Joyce et al. 2019). However, development of operational thermal 

treatments will require an assessment of risk in relation to potential damaging of 

equipment, such as vessel components, waterproof clothing, and existing anti-foul 

coatings (Shannon et al. 2018; Cahill et al. 2019; Joyce et al. 2019). To achieve 

participation in decontamination by water users, the installation of cleaning facilities 

in the form of biosecurity stations at points of waterway exit and entry, e.g. angling 

stations and boat ramps, would be beneficial (Shannon et al. 2018; Crane et al. 2019). 

These stations could take the form of self-service, automated or trained operator-

attended decontamination facilities could greatly reduce the transfer of IAS in a 

simple, cost-effective, environmentally-friendly, yet highly successful way (Coughlan 

et al. 2019a; Crane et al. 2019; Chapters 2-5). Further, promotion and adoption of these 

techniques by biosecurity campaigns, stakeholder groups, and practitioners should be 

encouraged (Davis et al. 2018; Sutcliffe et al. 2018). Furthermore, the requirement to 

perform and adhere to biosecurity protocols should be incorporated into relevant 

Codes of Practice (Chapters 4 & 5), with subsequent enforcement in relation to all 

water users.  
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Chapter 7: 

Cold as ice: a novel eradication and control method for 

invasive Asian clam, Corbicula fluminea, using pelleted 

dry ice 
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Abstract 

Eradication and control measures for invasive aquatic organisms require methods that 

maximise efficacy whilst minimising environmental damage. Such methods should 

also ideally use readily available materials and have a relatively straightforward field 

application. The Asian clam, Corbicula fluminea, is a high impact freshwater invader 

that can dominate macroinvertebrate communities and physically alter benthic 

habitats. Globally, despite repeated efforts to mitigate spread and implement 

substantial population control measures, C. fluminea continues to invade and spread. 

Accordingly, effective population eradication and control measures are urgently 

required. Here, I examine the efficacy of commercially available dry ice (DI) pellets 

(i.e. solid CO2 pellets at -78 °C) to kill C. fluminea, when applied both directly (water 

absent) and indirectly (clams submerged). Experiment 1 revealed the ability of 9 mm 

DI pellets to induce substantial C. fluminea mortality, with a direct application of 300 

g DI at 5 min exposure inducing 100% clam mortality. In experiments 2 and 3, DI 

pellets of 9 mm induced higher clam mortality than 3 mm pellets, DI slices and mixed 

DI pellet sizes (3 and 9 mm) at simulated clam densities of 1179 and 3930 ind. m-2, 

especially when clams were submerged. Experiments 4 and 5 showed that DI 

application was highly effective even with clams that were covered in gravel or mud, 

due to the freezing of their surrounding substrate. Accordingly, these results 

demonstrate that DI can potentially be used for effective, rapid response control and 

eradication of C. fluminea populations. Whilst promising, these laboratory results 

require scaling up to field application and examination of the effects of water current, 

substrate, increased water depth, and greater C. fluminea population densities.  
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7.1 Introduction 

Aquatic invasive alien species (IAS) are  major components of global change and 

exhibit a variety of negative ecological, evolutionary, and economic impacts in 

freshwater ecosystems (Sala et al. 2000; Simberloff et al. 2013; Sousa et al. 2014). As 

mentioned throughout this thesis, long term management options for substantial 

eradication and control of established IAS are often complex and expensive 

endeavours (Caffrey et al. 2011b; Wittmann et al. 2012a,b; Caffrey et al. 2014; Sousa 

et al. 2014; Piria et al. 2017). Even if the challenges of implementation can be 

overcome, many traditional control and eradication methods are not always effective 

(e.g. chemical aided control via oxidizing agents, chlorine, chlorine dioxide, 

proprietary formulations, bacteria-based molluscicide, and non-chemical control 

methods such as mechanical filtration, ultraviolet light and electric current) (see Sousa 

et al. 2014). In addition, these treatments can often negatively affect non-target species 

(Caffrey et al. 2014; Sousa et al. 2014). Accordingly, methods that maximise 

extermination efficacy towards target species, whilst minimising broad scale 

environmental damage, are urgently required. Such methods should also ideally use 

materials that are commercially available and be relatively straightforward to apply in 

the field. For example, Caffrey et al. (2010) achieved substantial local eradications of 

the invasive aquatic macrophyte Lagarosiphon major at Lough Corrib, Ireland, with 

subsequent restoration of native macrophyte communities, using biodegradable jute 

matting as a benthic barrier in a natural freshwater lake.  

Since the mid-20th century, the invasive Asian clam, Corbicula fluminea (Müller, 

1774) (Bivalvia, Cyrenidae; formerly Corbiculidae), has become widespread across 

many major river basins in Europe and the Americas (McMahon 1999; Karatayev et 

al. 2007; Lucy et al. 2012; Colwell et al. 2017; Gama et al. 2017). Native to south-
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east Asia, with endemic morphotypes occurring in Australia and Africa, C. fluminea 

is regarded as a high impact freshwater invader, which can dominate 

macroinvertebrate communities and physically alter benthic habitats (McMahon 1982; 

Karatayev et al. 2007; Sousa et al. 2008). In particular, C. fluminea can modify 

community and ecosystem dynamics, for example, through nutrient cycling and 

energy flow, phytoplankton depletion, competition for resources and substrate 

modification (Karatayev et al. 2007; Sousa et al. 2008; Sousa et al. 2014). In addition, 

macrofouling of agricultural, municipal and raw water extraction systems, increased 

sedimentation rates, and the disruption of ecosystem regulating services, can represent 

a substantial economic burden (McMahon 1999; Karatayev et al. 2007).  

Corbicula fluminea has shown a high degree of physiological and ecological 

plasticity, and has displayed a remarkable capacity for human-mediated passive 

dispersal (McMahon 2002; Sousa et al. 2008; Belz et al. 2012; Lucy et al. 2012; 

Coughlan et al. 2017b). Accordingly, despite repeated management efforts to reduce 

the spread of this IAS, C. fluminea invasions continue to advance across hydrologically 

unconnected freshwater systems globally (e.g. Caffrey 2010; Barbour et al. 2013; 

Caffrey et al. 2016). Moreover, recent distribution models indicate that the current rate 

of climate change will increase suitable habitat availability and favour the expansion 

of C. fluminea into new river basins, especially at higher latitudes (Gama et al. 2017). 

Therefore, while effective preventative biosecurity measures have been developed to 

mitigate against the spread of C. fluminea and other invaders, via cleaning and 

disinfection of equipment and clothing (Barbour et al. 2013; Cuthbert et al. 2018; 

Chapters 2, 4-6), there is an urgent need to expedite eradication and control of 

established clam populations, and to have available a suite of tried and tested methods 

that can be applied rapidly on detection of new outbreaks (Colwell et al. 2017).  
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Globally, although extensive eradication and control experiments have been 

conducted on C. fluminea (Wittmann et al. 2012a,b), none have been successful in 

providing substantial long-term management of C. fluminea populations. For example, 

mechanical dredging methods, and use of benthic barriers (e.g. polyethylene and 

rubber), can achieve a short-term reduction of both C. fluminea biomass and density 

(Wittmann et al. 2012a,b; Sheehan et al. 2014). However, these strategies for short 

term reduction remain expensive, labour-intensive, and can have detrimental impacts 

on native species, without achieving complete eradication of the targeted C. fluminea 

populations (Wittmann et al. 2012a,b; Sheehan et al. 2014). Accordingly, improved 

techniques for the eradication and control of C. fluminea remain an urgent requirement 

(Sheehan et al. 2014).  

Thermal shock treatments, which can be considered the sudden or gradual 

exposure of organisms to cold or hot thermal regimes beyond their physiological 

tolerance, have previously been considered as a method of bivalve control (Perepelizin 

& Boltovskoy 2011; Sousa et al. 2014). In particular, it has been suggested that thermal 

shock could potentially provide for a more economically viable and environmentally 

innocuous methods of bivalve control, relative to chemical aided control or physical 

removal of bivalves (Perepelizin & Boltovskoy 2011). Here, using laboratory based 

experiments and simulated clam patches, the efficacy of commercially available dry 

ice (DI) pellets (i.e. solid CO2 pellets at -78 °C) to kill C. fluminea was examined. I 

hypothesized that the extreme cold produced will induce thermal shock, resulting in 

substantial clam mortality. Further, I assessed several key experimental factors: DI 

pellet type (size, mass, shape); clam size range; density of clams; exposure time; 

volume of water; direct or indirect DI application, and the presence of  typical substrate 
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layers (gravel and mud), as C. fluminea will often reside within the substrate to depths 

of 15 cm (Sheehan et al. 2014). 

 

7.2. Methods 

7.2.1 Specimen collection and maintenance 

Specimens of Corbicula fluminea were obtained from the River Barrow in the 

Republic of Ireland (52°29′15.11″N, 6°55′42.20″W; Figure 7.1A). Corbicula fluminea 

was first detected on the island of Ireland at this tidal, freshwater section of the River 

Barrow during April 2010 (Sweeney 2009; Caffrey et al. 2011a), where the clams are 

often exposed at low tide. Maximum densities of circa 18,000 ind. m-2 have been 

recorded at this site (Sheehan et al. 2014). Specimens were cleaned on site with the 

use of a 4 mm sieve and transported in source water to Queen's University Marine 

Laboratory (QML), Northern Ireland. In the laboratory, specimens were maintained in 

aerated aquaria using locally sourced lake water, with the clams displaying evidence 

of feeding behaviour and excellent survival (circa 95 %). Experiments were performed 

in a pre-set controlled temperature room (11–13 °C) on a 12:12 hour light:dark 

schedule. Specimens were allowed to acclimatise to the laboratory for at least one 

week prior to experimentation. Moreover, only living and feeding specimens were 

selected for experimental work, i.e. selected specimens were observed opening and/or 

extending their muscular foot.  
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Figure 7.1 (A) Tidally exposed bed of Corbicula fluminea on the River Barrow, St. 

Mullins, Ireland. (B) View of C. fluminea specimens during a direct application of dry 

ice. (C) View of C. fluminea specimens during an indirect application (i.e. with water 

present) of dry ice to. (D) View of C. fluminea specimens immediately post exposure 

to dry ice. Photo credits: Stephen Potts and Daniel Walsh.

 

 

7.2.2 Experiment 1: Dry ice as a mechanism for inducing Corbicula fluminea 

mortality  

Corbicula fluminea specimens were exposed to four quantities (50, 100, 200, or 

300 g) of 9 mm DI pellets as well as a control (no DI application). Three clam size 

ranges, small (8 – 14.9 mm), medium (15 – 20.9 mm) and large (21 – 32 mm) 

specimens, were independently exposed to DI for durations of one or five minutes. 

Direct (no water present) and indirect (2.5 litres of water, at 100 mm depth) 
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applications of DI were examined (n = 3 replicates). Groups consisting of ten 

specimens, of a single size range only, were used as an experimental unit. Moreover, 

to control for any impact of DI pellet mass on specimen mortality (as opposed to 

thermal shock), 300 g (maximum mass of DI used) of clean fine gravel (15 mm stone 

chips) was applied to all non DI replicates (control n = 3 replicates).  

Experimental groups, within the desired size ranges above, were selected from the 

aquaria and placed within cylindrical plastic containers of 234 mm (height) × 180 mm 

(diameter). For groups selected for indirect DI application, 2.5 litres of clean, 

dechlorinated tap water was added to the container. The desired mass of the DI pellets 

was weighed and immediately added to the appropriate container. DI pellets were 

distributed over the entire base area of the container as evenly as possible (Figure 

7.1B), or across the surface area of the water column (Figure 7.1C). After the various 

exposure times, specimens were immediately removed from the experimental 

container (Figure 7.1D). Any specimens embedded within the DI were removed by 

hand, using a small metal ice-pick and cool dechlorinated tap water (circa 6 °C). All 

specimens were returned to 600 ml of dechlorinated bubbled water (11–13 °C) for a 

24 hr recovery period, after which mortality was assessed. Specimens were considered 

dead if they were gaping, or if they offered no resistance to being teased apart with 

tweezers and did not reclose (see Matthews and McMahon 1999). 

 

7.2.3 Experiment 2: The effectiveness of varied, commercially available dry ice 

formations  

Adult specimens (15 – 26 mm) were exposed to 350 g of DI in the form of either 

3 mm or 9 mm pellets, or as a slice. Whole dry ice slices (70mm L × 45mm W × 25 

mm H; circa 1 kg) were cut to an arbitrary length with a mass of 350 g. Two 
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experimental clam densities, consisting of both 30 clams (1179 ind. m-2) and 100 clams 

(3930 ind. m-2), were examined. Clams were exposed to DI for either 5, 15 or 30 

minutes. Both direct (no water present) and indirect (2.5 litres of water, at a 100 mm 

depth) applications of DI were examined (n = 5 replicates). The required mass of DI 

pellets was weighed and immediately added to the appropriate container. As before, 

once the desired exposure time was obtained, both DI and specimens were 

immediately removed from experimental containers. All specimens were then left to 

recover for 24 hrs, after which mortality was assessed, as above.  

 

7.2.4 Experiment 3: Combined application of selected commercially available dry 

ice pellets  

Both 3 mm and 9 mm DI pellets induced high levels of C. fluminea mortality (see 

Results). Accordingly, a combined application of these DI pellet types was examined. 

Adult specimens (15 – 26 mm) were exposed to 400 g of DI composed of either 3 mm 

or 9 mm pellets alone, an even division (50:50; i.e. 200 g of each), or two parts one 

pellet type (267 g) to one part the remainder pellet type (133 g) (i.e. 2:1 and 1:2). In 

all pellet combinations, to increase the potential for 3 mm pellets to bind to clams, 3 

mm pellets were always added to the experimental containers first, with heavier 9 mm 

added immediately afterwards. A clam density of 100 specimens (2930 ind. m-2) was 

examined. Clams were exposed to DI for 5, 15 or 30 minutes, for both direct and 

indirect (2.5 litres of water) applications (n = 3 replicates). Living specimens were 

placed within the cylindrical experimental containers. Once the prescribed exposure 

time had elapsed, the specimens were immediately removed. Specimens were then left 

for a recovery period of 24 hrs, after which mortality was assessed as above.  



125 
 

7.2.5 Experiment 4: Dry ice application to Corbicula fluminea residing upon, within, 

and fully covered by fine gravel  

Adult specimens (15 – 26 mm) were exposed to 400 or 600 g of 9 mm DI pellets. 

Specimens were all positioned upon a layer of gravel, were partially covered by a 

second layer of gravel, or were fully covered by the addition of a third layer of gravel. 

A clam density of 30 specimens (1179 ind. m-2) was examined. Clams were exposed 

to DI for either 15 or 30 minutes, for both direct and indirect (2.5 litres) applications 

(n = 3 replicates). A 350 g layer of clean fine gravel (15 mm stone chips) was evenly 

spread to cover the base of the experimental containers to create the substrate layer. 

Living specimens were placed directly on top of this gravel layer to represent surface 

residing clams. A second layer of gravel (350 g) was then added to the required 

containers, and evenly spread to leave all specimens partially covered. A third layer of 

gravel (350 g) was added to the appropriate containers, and evenly spread to fully 

cover all specimens to create fully covered experimental groups. After the prescribed 

DI exposure time, specimens were immediately removed, with mortality assessed after 

a 24 hr recovery period, as above. 

 

7.2.6 Experiment 5: Dry ice application to C. fluminea residing within mud layers  

Adult specimens (15-26 mm) were exposed to 400 g of 9 mm DI pellets. 

Specimens were randomly mixed into a single (circa 800 g) or double (circa 1600 g) 

mud layers to mimic then residing of clams within mud layers. A clam density of 30 

specimens (1179 ind. m-2) was examined. Clams were exposed to a direct application 

of DI for the duration of 15 or 30 minutes (n = 3 replicates). Controls were established 

for the longer exposure time of 30 minutes only, as this was the longest exposure time 

used (control n = 3 replicates).  
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A mud layer was created by mixing 500 g earth, 200 g clean fine gravel (15 mm 

stone chips) and 100 ml of clean tap water. Living clam specimens were placed into 

this mud and randomly mixed through the substrate. A second mud layer was then 

added, if required, and all contents were thoroughly mixed. The mud and clam 

mixtures were then evenly spread on the base of the experimental containers, prior to 

the addition of DI pellets. After the prescribed DI exposure time, five litres of clean 

tap water (circa 6 °C) was added to each container and allowed to stand for a 20 minute 

period. Specimens were then immediately removed, with mortality assessed as above 

following a 24 hr recovery period.  

 

7.2.7 Statistical Analysis 

All data were analysed in R version 3.3.3 (R Core Team 2017) with Generalised 

Linear Models (GLMs). As residual deviance was greater than the degrees of freedom, 

quasi-Poisson error distributions were used to account for over-dispersion of residuals 

and to analyse the numbers of dead C. fluminea in each experiment with respect to 

each treatment term and associated interactions.  

 

7.3 Results 

7.3.1 Experiment 1: Dry ice as a mechanism for inducing Corbicula fluminea 

mortality  

There was 87-100 % survival in control clams groups, with between 0-100 % 

mortality among DI-exposed clams (Figure 7.2). There was significantly higher clam 

mortality with greater quantities of DI, for smaller clams, at the longer exposure time, 

and with direct (no water) application (all P < 0.001; Figure 7.2, Table 7.1). The 

significant interaction terms (Table 7.1) reflected the greater increases in clam 
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mortality at higher DI mass, for smaller clams, at the longer exposure time, and when 

water was absent (see Figure 7.2).  

 

7.3.2 Experiment 2: The effectiveness of varied, commercially available dry ice 

formations  

There was 88-99 % survival in control clam groups, with between 1-100 % 

mortality of DI exposed clams recorded from this experiment (Figure 7.3). There was 

significantly different clam mortality with the varied DI formations, and greater 

mortality rates at the lower clam density, and with direct application (all P < 0.001; 

Figure 7.3, Table 7.2). In general, longer exposure times also resulted in increased 

mortality (P < 0.001; Figure 7.3, Table 7.2). The significant interaction terms (Table 

7.2) reflected increases in clam mortality between varied DI formations, for the lower 

density, for the longer exposure times, and with direct application (see Figure 7.3). In 

particular, applications of DI pellets (3 mm and 9 mm) resulted in greater C. fluminea 

mortality than the addition of a DI slice, and 9 mm pellets were clearly the most 

effective at killing clams (Figure 7.3).  
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Figure 7.2 Mean mortality (± SE) of Corbicula fluminea specimens post exposure to various quantities of 9 mm dry ice pellets (n = 3). Size ranges: 

small (8 – 14.9 mm); medium (15 – 20.9 mm); and large (21 – 32 mm), were used. All size ranges were exposed to dry ice for either a one (A and 

C) or five (B and D) minute time period. A and B = 0 litres, 0 mm (h) (i.e. direct application), C and D = 2.55 litres, 100 mm (h) (i.e. indirect 

application) of water.
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Figure 7.3 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (1179 ind. m-2) (A and C) and 100 adult specimens (3930 ind. m-2) (B 

and D), 24 hrs post varied exposure times to 350 g of different dry ice formations (n = 5). A and B = 0 litres, 0 mm (h) (i.e. direct application), C 

and D = 2.55 litres, 100 mm (h) (i.e. indirect application) of water. Black dots highlight the two specimen densities.  
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Table 7.1. Quasi-Poisson Generalised Linear Model (GLM) performed on the number 

of dead Corbicula fluminea specimens for Experiment 1: Dry ice as a mechanism for 

inducing Corbicula fluminea mortality. DI = Control, 50, 100, 200, or 300 g of 9 mm 

DI pellets. Exposure time = 1 or 5 min. Size ranges = small (8 – 14.9 mm), medium 

(15 – 20.9 mm), or large (21 – 32 mm) specimens. Water = (1) water volume (0 or 

2.55 litres), (2) water depth (0 or 100 mm), and (3) direct or indirect DI application. 

NS = non-significant; α = 0.05. 

 

 

 

 

 

 

Source of variation F P 

Dry Ice (DI) F 4, 175  = 92.3813 P < 0.001 

Size Range (Size) F 2, 171 = 10.8945 P < 0.001 

Exposure Time (Time) F 1, 174 =  22.8653 P < 0.001 

Water (i.e. volume, depth, and 

DI application) 

F 1, 173 = 148.1147 P < 0.001 

DI × Size F 8, 154 = 1.3777 NS 

DI × Time F 4, 167 = 0.7552 NS 

DI × Water F 4, 163 = 3.8098 P < 0.01 

Size × Time F 2, 152 = 1.3502 NS 

Size × Water F 2, 150 =  5.1157 P < 0.01 

Time × Water F 1, 162 = 10.6196 P < 0.01 

DI × Size × Time F 8, 138 = 0.3786 NS 

DI × Size × Water F  8, 130 = 1.0582 NS 

DI × Time × Water F 4, 146 = 3.4009 P < 0.05 

Size × Time × Water F 2, 128 =  1.1009 NS 

DI × Size × Time × Water F 8, 120 = 1.1299 NS 
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Table 7.2 Quasi-Poisson Generalised Linear Model (GLM) performed on the number 

of dead Corbicula fluminea specimens for Experiment 2: The effectiveness of varied, 

commercially available dry ice formations. DI = Control, 3 or 9 mm pellets, or as a DI 

slice (see methods section). Exposure Time = 5, 15 or 30 min. Clam Density = groups 

of 30 (i.e. 1178.9 ind. m-2) or 100 (3929.7 ind. m-2) adult specimens. Water = (1) water 

volume (0 or 2.55 litres), (2) water depth (0 or 100 mm), and (3) direct or indirect DI 

application. NS = non-significant; α = 0.05. 

Source of variation F P 

Dry Ice (DI) F 3, 236 = 265.2584 P < 0.001 

Clam density (Density) F 1, 233 = 359.7943 P < 0.001 

Exposure Time (Time) F 2, 234 = 10.1459 P < 0.001 

Water (i.e. volume, depth,  

and DI application) 

F 1, 232 = 243.9251 P < 0.001 

DI × Density F 3, 223 = 2.7632 P < 0.05 

DI × Time F 6, 226 = 5.4814 P < 0.001 

DI × Water F 3, 218 = 49.9436 P < 0.001 

Density × Time F 2, 221 =  1.0855 NS 

Density × Water F 1, 215 = 0.0635 NS 

Time × Water F 2, 216 = 9.0548 P < 0.001 

DI × Density × Time F 6, 209 = 0.7059 NS 

DI × Density × Water F 3, 200 = 2.3822 NS 

DI × Time × Water F 6, 203 = 2.3693 P < 0.05 

Density × Time × Water F 2, 198 = 1.0693 NS 

DI × Density × Time × Water F 6, 192 = 0.5139 NS 
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7.3.3 Experiment 3: Combined application of selected commercially available dry 

ice pellets  

There was 79-98 % survival in control clam groups, with between 8.5-100 % 

mortality of DI exposed clams in this experiment (Figure 7.4). There was significantly 

different clam mortality with the various DI combinations (P < 0.001), and greater 

mortality at longer exposure times (P < 0.01), and with direct application (P < 0.001; 

Figure 7.4A, Table 7.3). The significant interaction terms (Table 7.3) reflected the 

enhanced clam mortality between the varied DI combinations, for the longer exposure 

times, and with direct application (see Figure 7.4). In particular, unmixed 9 mm pellets 

resulted in the highest clam mortality during indirect applications, whilst the 

application of 3 mm pellets, mixed or unmixed, enhanced efficacies during direct 

applications under shorter exposure times (Figure 7.4).  

 

7.3.4 Experiment 4: Dry ice application to C. fluminea residing upon, within, and 

fully covered by fine gravel 

There was 83-94 % survival in control clam groups, with between 31-100 % 

mortality of DI exposed clams in this experiment (Figure 7.5). There was no overall 

significant difference in clam mortality with respect to gravel coverage, although 

interaction terms suggest some reduction of efficacy of DI due to gravel and higher 

efficacy with the larger mass of DI when the clams were covered by water (Figure 

7.5B; Table 7.4). There was significantly higher clam mortality with the greater 

quantity of DI, and with direct application (both P < 0.001; Figure 7.5, Table 7.4). The 

significant interaction terms (Table 7.4) reflected the more dramatic increases in clam 

mortality with greater quantity of DI, and with direct application (see Figure 7.5).   
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7.3.5 Experiment 5: Dry ice application to C. fluminea residing within mud layers  

There was 95-100 % survival in control clam groups, with between 5.9-100 % 

mortality of DI exposed clams in this experiment (Figure 7.6). The significant main 

and interaction terms showed that there was very high efficacy of DI application even 

when clams were encased in mud, especially at the longer exposure time (Figure 7.6; 

Table 7.5).  
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Figure 7.4 Mean mortality (± SE) of 100 adult Corbicula fluminea specimens (3930 

ind. m-2) 24 hrs post varied exposure times to 400 g of different dry ice pellet 

combinations (n = 3). Dry ice applications were composed of either 3 mm or 9 mm 

pellets alone, an even division (50:50; i.e. 200 g of each), or two parts one pellet type 

(267 g) to one part the remainder pellet type (133 g) (i.e. 2:1 and 1:2); The 3 mm pellets 

were always applied first, and immediately followed by 9 mm pellets. A = 0 litres, 0 

mm (h) (i.e. direct application), B = 2.55 litres, 100 mm (h) (i.e. indirect application) 

of water.  
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Table 7.3 Quasi-Poisson Generalised Linear Model (GLM) performed on the number 

of dead Corbicula fluminea specimens for Experiment 3: Combined application of 

selected commercially available dry ice pellets. DI = Control, 3 or 9 mm pellets alone, 

an even division (50:50), or two parts one pellet type to one part the remainder pellet 

type (2:1 or 1:2). Exposure Time = 5, 15 or 30 min. Water = (1) water volume (0 or 

2.55 litres), (2) water depth (0 or 100 mm), and (3) direct or indirect DI application. 

NS = non-significant; α = 0.05. 

Source of variation F P 

Dry Ice (DI) F 5, 102 = 76.1479 P < 0.001 

Exposure Time (Time) F 2, 100 = 6.7121 P < 0.01 

Water (i.e. volume,  

depth, and DI application) 

F 1, 99 = 629.5575 P < 0.001 

DI × Time F 10, 89 = 0.2229 NS 

DI × Water F 5, 84 = 15.4678 P < 0.001 

Time × Water F 2, 82 = 9.7469 P < 0.001 

DI × Time × Water F 10, 72 = 0.8285 NS 
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Figure 7.5 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (1179 ind. 

m-2) 24 hrs post varied exposure times to either 400 or 600 g of 9 mm dry ice pellets 

(n = 3). Specimens were either placed directly (1) upon a gravel layer; (2) were 

partially covered; or (3), were fully covered by additional gravel layers prior to dry ice 

application. A = 0 litres, 0 mm (h) (i.e. direct application), B = 2.55 litres, 100 mm (h) 

(i.e. indirect application) of water.  
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Table 7.4. Quasi-Poisson Generalised Linear Model (GLM) performed on the number 

of dead Corbicula fluminea specimens for Experiment 4: Dry ice application to C. 

fluminea residing upon, within, and fully covered by fine gravel.  DI = Control, 400 or 

600 g of 9 mm DI pellets. Exposure Time = 15 or 30 min. Gravel = specimens sitting 

upon a gravel layer, or partially, or fully covered by additional gravel layers. Water = 

(1) water volume (0 or 2.55 litres), (2) water depth (0 or 100 mm), and (3) direct or 

indirect DI application. NS = non-significant; α = 0.05. 

Source of variation F P 

Dry Ice (DI) F 2, 105 = 561.5255 P < 0.001 

Gravel (upon a gravel layer, partially or 

fully covered) 

F 2, 101 = 1.7628 NS 

Exposure Time (Time) F 1, 104 = 0.7166 NS 

Water (i.e. volume, depth, and DI 

application) 

F 1, 103 = 61.3259 P < 0.001 

DI × Gravel F 4, 92 =  2.8732 P < 0.05 

DI × Time F 2, 99 = 3.8215 P < 0.05 

DI × Water F 2, 97 = 23.6612 P < 0.001 

Gravel × Time F 2, 90 =  0.0862 NS 

Gravel × Water F 2, 88 = 4.5098 P < 0.05 

Time × Water F 1, 96 = 0.0239 NS 

DI × Gravel × Time F 4, 82 = 0.9043 NS 

DI × Gravel × Water F 4, 78 = 0.7727 NS 

DI × Time × Water F 2, 86 = 0.3090 NS 

Gravel × Time × Water F 2, 76 = 0.2056 NS 

DI × Gravel × Time × Water F 4, 72 = 0.7330 NS 
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Figure 7.6 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (1179 ind. 

m-2) 24 hrs post varied exposure times to a direct application of 400 g of 9 mm dry ice 

pellets (n = 3). Specimens were all randomly mixed into a single (circa 800 g) or 

double (circa 1600 g) mud layers, prior to dry ice application.  

 

Table 7.5. Quasi-Poisson Generalised Linear Model (GLM) performed on the number 

of dead Corbicula fluminea specimens for Experiment 5: Dry ice application to C. 

fluminea residing within mud layers. DI = Control or 400 g of 9 mm pellets. Exposure 

Time = 15 or 30 min. Mud Layers = single (circa 800 g) or double (circa 1600 g). NS 

= non-significant; α = 0.05. n/a = non-calculable statistic.  

Source of variation F P 

Dry Ice (DI) F 1, 16 = 157.837 P < 0.001 

Exposure Time (Time) F 1, 15 = 15.7726 P < 0.01 

Mud Layers (Mud) F 1, 14 = 16.4090 P < 0.01 

DI × Time n/a n/a 

DI × Mud F 1, 13 = 0.2037 NS 

Time × Mud F 1, 12 = 34.0177 P < 0.001 

DI × Time × Mud n/a n/a 
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7.4 Discussion 

Experiment 1 revealed that application of dry ice (DI), as solid CO2 pellets at -78 °C, 

is an effective method for inducing C. fluminea mortality. Greater DI quantities and 

direct (no water present) applications resulted in higher mortality, with smaller clams 

being more susceptible to thermal shock than larger specimens (see also Werner and 

Rothhaupt 2008). In particular, direct application of 300 g DI at 5 min exposure 

induced 100% mortality across all size ranges. Further, Experiment 2 demonstrated 

that 9 mm pellets induced higher clam mortality than either 3 mm pellets and DI slices, 

at simulated clam densities of 1179 and 3930 ind. m-2, especially for indirect (clams 

submerged in water) applications. During indirect applications, while 3 mm DI pellets 

initially sank to the bottom of the water column, a large proportion of these pellets 

often rapidly consolidated into a single ice mass and floated to the top of the water 

column. However, 9 mm DI pellets mostly remained on the benthic, partially 

encapsulating C. fluminea specimens. This encapsulation of C. fluminea by 9 mm 

pellets is likely have increased the effectiveness of DI as a mechanism to induce 

mortality since a greater surface area of the DI was in contact with the shell of the 

clams. Strategies to ensure that the DI pellets remain in contact with the river bed and 

clams, thereby increasing this surface area effect, might further increase the efficacy 

of DI in killing clams. Consideration to applying jute matting (see Caffrey et al. 2010) 

immediately following DI pellet application will be given during further studies. 

Experiment 3, which was designed to build upon the results of Experiment 2, has 

shown that 9 mm DI pellets can induce higher clam mortality than mixed DI pellet 

sizes. Once again, during indirect DI applications, 3 mm pellets were observed to float 

to the surface of the water column. However, this loss of 3 mm pellets from the benthic 

level appeared to be reduced by the addition of 9 mm pellets in combined DI pellet 
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applications. While 9 mm pellets were more effective, combined applications of 3 and 

9 mm pellets merit further investigation, especially with the use of jute matting and 

other strategies to increase the surface area effects, as mentioned above. In addition, 

direct application of both 3 and 9 mm pellets to the underwater benthic layer, 

particularly in realistic field scenarios with the presence of substrate, need to be 

examined. 

Experiments 4 and 5 showed that 9 mm DI pellet application was highly effective 

in inducing clam mortality, even those that were buried in gravel or mud. While C. 

fluminea generally prefers sandier sediments mixed with silt and clay, this species can 

be found in all types of sediments (Sousa et al. 2008). For example, in the River 

Barrow, C. fluminea resides in sediment dominated by sands and gravel (Sheehan et 

al. 2014). Crucially, DI tended to bind C. fluminea to both the gravel and mud, creating 

a layer of frozen substrate around the specimens, particularly during indirect 

applications. This enhanced encapsulation of C. fluminea appears to have increased 

the efficacy of DI, rather than provide a buffering effect against thermal shock. 

Overall, when taken together, these five experiments demonstrate that DI 

applications can induce substantial C. fluminea mortality. In general, greater quantities 

of DI applied as direct applications, with longer exposure times, often resulted in 

complete mortality of targeted adult clam specimens. While the indirect application of 

DI through a water column significantly reduced mortality rates across all five 

experiments, use of greater quantities of DI will likely increase this mortality rate.  

The ability of DI-induced thermal shock to eradicate or control other sedentary 

(e.g. zebra mussels Dreissena polymorpha Pallas, 1771; quagga mussels Dreissena 

rostriformis bugensis Andrusov, 1897; golden mussel Limnoperna fortunei Dunker, 

1857) or low mobility IAS, such as gastropoda, also requires exploration. In particular, 
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early application of DI to New Zealand mud snail (Potamopyrgus antipodarum Gray, 

1843) infestations, an emerging IAS across North America that can attain densities of 

up to 500,000 ind. m-2 (Hall et al. 2003), may reduce invader spread and impact.  

While many motile non-target species, such as fish, will likely rapidly flee a DI 

treatment area and the effects of thermal shock, DI application will presumably induce 

mortality among less mobile species. Moreover, DI-induced thermal shock and 

associated lowering of water pH (i.e. acidification) might result in a degree of 

invertebrate drift and mortality (Eriksen et al. 2009; Kjærstad and Arnekleiv 2011). 

However, given the biological connectivity and rapid species recolonization times 

associated with lotic systems (Yount and Niemi 1990; Caffrey et al. 2010; Wittmann 

et al. 2012a,b; Coughlan et al. 2017a), DI application may be a suitable management 

tool that will be followed by rapid recovery. In particular, invertebrate assemblages 

essential for supporting higher trophic levels within localised habitats have previously 

been observed to be resilient to the conservative deployment of pesticides (e.g. 

rotenone) for IAS control, when upstream sources of recruitment exist (Bellingan et 

al. 2015). For example, a variety of Amphipoda, Chironomidae, Oligochaeta, 

Gastropoda (Planorbidae and Physidae), Ceratopogonidae and Hydracarinidae species 

have been observed to rapidly recolonise (3–12 months) post cessation of in situ 

experimental anoxia treatments (Wittmann et al. 2012b). Furthermore, short-term 

negative impacts associated with invader eradication will likely be heavily outweighed 

by the long-term positive conservation benefits gained by removing damaging IAS 

(Woodford et al. 2013). However, although the sedentary nature of clams and more 

motile capacity of most other organisms will mitigate non-target effects, the impact of 

DI on non-target organisms and aquatic habitats will need to be explored. 
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Finally, DI will rapidly dissipate into gaseous carbon dioxide once exposed to 

ambient air and water temperatures. Therefore, DI applications may be preferable to 

mechanical control methods (e.g. harvesting by suction or other dredging methods, 

and benthic barriers), which can result in habitat alteration, or to chemical treatments, 

with the potential for detrimental impact and lingering effect on non-target taxa (Sousa 

et al. 2014). However, despite apparent invader control or eradication success, 

prediction of a long-term population response to any management strategy can be 

challenging. In particular, a single self-fertilising C. fluminea specimen can, over-time, 

result in a substantial population (McMahon 2002). Therefore, only long-term 

monitoring will truly reveal the impacts of any control methodology (Wittmann et al. 

2012b). In particular, although large but relatively short-term pulses of nitrogen and 

increased oxygen stress can be expected following rapid and catastrophic bivalve mass 

die-off events, possible long-term negative effects remain poorly studied (McDowell 

& Sousa 2019). Overall, the results presented here demonstrated that DI can potentially 

be used for effective, rapid response control and eradication of C. fluminea 

populations, both on tidally exposed river beds and on clams residing underwater. 

However, additional research is required to assess the effect of in situ factors such as 

water current, substrate, increased water depth, and greater C. fluminea population 

densities. While DI applications as an innovative eradication and control method for 

C. fluminea have been examined, only mortality rates 24 hrs post-exposure have been 

considered in the present study. Future research should examine potential sub-lethal 

effects upon C. fluminea, other invaders and non-target organisms (e.g. reduced 

growth or reproductive output, acute or chronic morbidity), which may possibly be 

induced by DI application alone, or combined with other control and eradication 

actions. Furthermore, examination of synergistic mechanisms to increase clam 
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encapsulation with DI should include benthic barriers to retain DI against the benthic 

layer (e.g. jute matting), and mechanisms for direct delivery of DI to the underwater 

benthic layer (e.g. pump applications). Moreover, the effect of substrate to enhance DI 

treatment should be further explored. Equally, the effect of other sediment types (e.g. 

sand and gravel mixtures), C. fluminea burrowing behaviour, and the impact of greater 

clam population densities, will all need to be thoroughly examined in the context of 

DI applications. In addition, the effect of raking, dredging or furrowing upon clam 

beds, to disrupt the integrity of the benthic layer prior to DI application, merits 

investigation. Finally, to be truly effective, multiple DI applications may be required 

to deliver eradication or substantial population control. Given the current paucity of 

effective, environmentally friendly, rapid response invader eradication and control 

protocols, the apparent excellent potential of DI applications must be further explored.  
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Abstract 

Suppression strategies for established populations of invasive species require 

appropriate techniques, which maximise efficacy whilst minimising environmental 

damage. The Asian clam, Corbicula fluminea (Müller, 1774), and the Zebra mussel, 

Dreissena polymorpha (Pallas, 1771), are high-impact invaders capable of adversely 

affecting freshwater ecosystems. Despite efforts to implement substantial population 

control measures, both species continue to spread and persist within freshwater 

environments. As bivalve beds often become exposed during low-water conditions, 

this Chapter examines the efficacy of steam spray (≥100°C; 350kPa) and open-flame 

burn treatments (~1000°C) to kill exposed individuals. Direct steam exposure lasting 

five minutes caused 100% mortality of C. fluminea buried at a depth of 3 cm. Open-

flame burns were similarly assessed, with experiments revealing that ≥ 3 seconds of 

direct exposure to the flame causes complete mortality of C. fluminea, while only low 

mortality rates of between 8–11 % were achieved for mud-dwelling C. fluminea 

following 30 seconds of indirect exposure. However, a longer exposure to open-flame 

time of five minutes can cause complete mortality of buried C. fluminea. Further, 

combined rake and thermal shock treatments, whereby the substrate is disturbed 

between each application of either a steam or open-flame, caused 100% mortality of 

C. fluminea specimens residing within a 4cm deep substrate patch, following three 

consecutive treatment applications. However, deeper 8cm patches and water-saturated 

substrate reduced maximum bivalve mortality rates to 77% and 70%, respectively. 

Finally, 100% of D. polymorpha specimens were killed following exposure to steam 

and open-flame treatments lasting thirty seconds and five seconds, respectively. 

Overall, these results confirm the potential of thermal shock treatments as a tool for 

substantial control of low-water exposed bivalves.  
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8.1 Introduction 

Invasive alien species can negatively impact ecological and evolutionary 

dynamics, often with adverse ecosystem and socioeconomic impacts (Simberloff et al. 

2013; Sousa et al. 2014; Seebens et al. 2017). Currently, management options for 

eradication and suppression of established invader populations are often resource-

intensive and costly processes (Caffrey et al. 2011b; Wittmann et al. 2012a,b; Piria et 

al. 2017; Chapter 7). The implementation of population control strategies can be 

multifaceted and complex endeavours that require various challenges to be overcome. 

For instance, obstacles preventing the success of control strategies can include 

inadequate educational outreach and public engagement (Davis et al. 2018), legal 

impediments to accessing private property, regulatory issues concerning the provision 

of adequate resources to enforce legislation (Caffrey et al. 2014), and a lack of on-

going monitoring (Piria et al. 2017). Further, the effectiveness of many potential 

eradication and control techniques is inadequate or unknown, and can be damaging to 

non-target species (Wittmann et al. 2012a,b; Luoma et al. 2018). Therefore, 

appropriate methods, which maximise efficacy of treatment towards target species 

whilst minimising broad-scale environmental damage, are urgently required 

(Coughlan et al. 2018b; Chapter 7).  

Many invasive alien bivalves, as dominant filter-feeders, represent a major threat 

to the function and biodiversity of freshwater ecosystems (Sousa et al. 2014; 

Karatayev et al. 2015). For example, invasive bivalves can dominate 

macroinvertebrate communities and physically alter benthic habitats (Sousa et al. 

2008; Karatayev et al. 2015). In particular, the Asian clam, Corbicula fluminea Müller, 

1774 (Bivalvia, Cyrenidae; formerly Corbiculidae), and the Zebra mussel, Dreissena 

polymorpha Pallas, 1771, are both considered to be high impact invaders that can 
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dominate macroinvertebrate communities, physically alter benthic habitats, and 

modify community and ecosystem dynamics through their propensity to form dense 

benthic beds (Sousa et al. 2008; Sousa et al. 2014; Karatayev et al. 2015). Moreover, 

these freshwater invaders often display a high degree of physiological and ecological 

plasticity (Sousa et al. 2014), and have a remarkable capacity for human-mediated and 

even zoochorous dispersal (Belz et al. 2012; Coughlan et al. 2017b). In addition, 

infestations of both species can have substantial negative economic impacts, through 

macrofouling of agricultural, municipal and water extraction systems, increased 

sedimentation rates, and the disruption of ecosystem regulating services, sometimes 

resulting in the closure of sport fisheries and amenity areas (Karatayev et al. 2007; 

Nakano & Strayer 2014; Sousa et al. 2014).  

Despite repeated management efforts to reduce their spread, with the development 

of effective preventative biosecurity measures via cleaning and disinfection of 

equipment (Coughlan et al. 2019b; Chapter 5 & 6), these species continue to advance 

across hydrologically unconnected freshwater systems worldwide (e.g. Caffrey et al. 

2011a; 2016; Barbour et al. 2013). Once established, bivalves can form dense 

populations (Sheehan et al. 2014; Hetherington et al. 2019) that cover extensive areas 

(e.g. up to 12,000 m2), which may become exposed during low tides and low river flow 

conditions (Caffrey et al. 2016). Moreover, the current rate of climate change is 

predicted to increase the availability of suitable habitats for invasive bivalves within 

new river basins, especially at higher latitudes (Gama et al. 2017). Accordingly, a 

mosaic of freshwater environments are susceptible to the introduction and 

establishment of these invasive bivalves, which can subsequently act as new source 

locations that facilitate further spread (Sousa et al. 2014; Karatayev et al. 2015). 

Therefore, there remains an urgent need to develop and validate a suite of tools for 
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rapid control and eradication of emerging and existing populations (Colwell et al. 

2017; Coughlan et al. 2018b; Chapter 7). To date, although extensive population 

control experiments have been conducted on both C. fluminea (Wittmann et al. 

2012a,b; Sheehan et al. 2014) and D. polymorpha (Luoma et al. 2018), none have been 

successful in providing substantial long-term management of these invasive alien 

species.  

Recently, with a series of laboratory experiments, Coughlan et al. (2018b; Chapter 

7) observed that cold thermal shock treatments, via the application of dry ice pellets 

(i.e. solid CO2 pellets at -78 °C) could be used to kill tidally-exposed and water 

submerged C. fluminea. However, although the application of a relatively extreme cold 

temperature has been examined (Chapter 7), the capacity of exceptionally high 

temperatures to cause thermal shock has not been assessed. Yet, such thermal 

treatments would also likely cause substantial, if not complete mortality, of C. 

fluminea residing upon and within exposed lake, river or canal beds. In addition, 

several recent studies have highlighted the use of steam spray as an effective, yet 

straightforward user- and environmentally-friendly mechanism for causing mortality 

of invasive alien species, including bivalves (Crane et al. 2019; Joyce et al. 2019). In 

particular, Coughlan et al. (2019b; Chapter 5) documented that 30 seconds of direct 

steam exposure can consistently kill small groups of adult Asian clams. Accordingly, 

steam-induced thermal shock could represent an effective and environmentally-

friendly means of achieving substantial, if not complete, mortality of C. fluminea 

populations residing upon and within exposed lake, river or canal beds. In addition, 

innovative thermal shock treatments, such as steam and open-flame, could potentially 

be used to facilitate substantial long-term population control of problematic Dreissena 

mussel species. 
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In this Chapter, using simulated bivalve beds, I examined the efficacy of thermal 

shock treatments to kill adult C. fluminea and D. polymorpha. I hypothesized that 

exposure to the extreme heat of steam spray or open-flame could result in substantial, 

if not complete, mortality of both bivalve species due to thermal shock. In doing so, 

several key experimental factors were assessed: 1) direct exposure to steam or open-

flame; 2) indirect exposure to steam or open-flame for buried specimens; 3) exposure 

to steam and open-flame burns following mechanical disruption of surrounding 

substrate; 4) longer thermal shock exposure times; 5) increased substrate depth; and 

6), water submerged beds. Only direct applications were considered for D. 

polymorpha, which will only reside on top of substrate but can form dense clumps.  

 

8.2 Methods  

8.2.1 Specimen collection and maintenance 

Specimens of C. fluminea were collected from the extensive, tidally-exposed 

area at Poulmounty on the River Barrow in the Republic of Ireland (52°29′15.11″N, 

6°55′42.20″W) during April 2019, and transported in source water to Queen's 

University Marine Laboratory (QML), Portaferry, Northern Ireland. Similarly, D. 

polymorpha specimens were collected from Lough Erne, Northern Ireland 

(54°17′07.89″N, 7°32′52.61″W), and transported in source water to QML. In the 

laboratory, specimens were housed within a controlled temperature (CT) room at 13 

°C, on a 12:12 hour light to dark schedule. All specimens were maintained in aerated 

aquaria using locally sourced lake water (Lough Cowey: 54°24'41.79"N, 

5°32'25.96"W). Specimens were allowed to acclimatise to the laboratory for at least 

one week prior to experimentation.  
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Only living and feeding specimens (i.e. selected specimens that were observed 

opening to feed, and which closed when disturbed) were selected for experimental 

work. Adult C. fluminea and D. polymorpha specimens were selected based on shell 

height (SH) or shell length (SL), for each species respectively. Following completion 

of this study, ≥ 1000 C. fluminea and ≥ 200 D. polymorpha specimens not used for 

experiments were separately maintained within the aquaria for over a three month 

period. For both species, greater than 95% survival of these specimens was observed. 

 

8.2.2 Experiment 1: Direct steam exposure for inducing Corbicula fluminea 

mortality 

Corbicula fluminea specimens (SH min.–max.: 18–20 mm) were directly 

exposed to a continuous jet of steam (≥100 °C; 350 kPa; Karcher® SC3 Steam Cleaner) 

at a distance of 2–3 cm from the exit-point of the lance for: 10, 30, 60 or 120 seconds 

(n = 3 per experimental group). Groups of ten adult specimens were selected from the 

aquaria and randomly positioned onto a 6 cm deep bed of dry sand, within cylindrical 

plastic containers of 234 mm (height) × 180 mm (diameter), producing a density of 

393 ind. m-2. Specimens were then gently pressed into the sand until half of each 

specimen was exposed. As a procedural control, control groups were, likewise, pressed 

into the sand and allowed to air dry for the longest exposure time of 120 seconds, and 

theses specimens were not exposed to steam. Following steam treatment, specimens 

were allowed to air cool for 15 minutes to prevent any additional thermal shock, 

including control groups. All groups were then returned to the CT room, with 

replicates placed individually in 600 ml of dechlorinated tap water taken from a 

continuously aerated source (11–13 °C) for a 24 hr recovery period, after which 

mortality was assessed. Specimens were considered dead if they were gaping, or failed 
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to respond to a tactile stimulus, such as being teased apart with tweezers (see Matthews 

and McMahon 1999). 

 

8.2.3 Experiment 2: The effectiveness of direct and indirect steam exposure for 

inducing Corbicula fluminea mortality 

Corbicula fluminea specimens (SH: 18–20 mm) were exposed directly or 

indirectly to steam spray for: 1, 2, 3 or 5 minutes (n = 3 per experimental group). 

Groups of 30 C. fluminea (1,179 ind. m-2) were placed randomly within the cylindrical 

experimental containers upon a 6 cm deep bed of dry sand. Specimens were gently 

pressed into the sand until half of each individual was exposed. For indirect exposure 

groups, an additional 3 cm of dry sand was used to cover the specimens entirely. 

Control groups were likewise placed into containers and covered with sand, as required 

by the experimental design. All control groups were allowed to air dry for the longest 

exposure time of five minutes, and these specimens were not exposed to steam. As 

before, following steam exposure, specimen groups were allowed to air cool for 15 

minutes, including control groups. All groups were then immediately returned to the 

CT room and individually placed in 600 ml of aerated dechlorinated tap water for a 24 

hr recovery period, after which mortality was assessed (see above).  

 

8.2.4 Experiment 3: Direct exposure to open-flame for inducing Corbicula fluminea 

mortality 

Corbicula fluminea specimens (SH:18 – 26 mm; mean ± SE: 21.9 ± 0.6) were 

directly exposed to open-flame (~1000 °C; Sheen x300 Flame Gun) for ten different 

exposure times of 1 – 10 seconds (n = 3 per experimental group). Groups of ten adult 

specimens (160 ind. m-2) were selected from the aquaria and placed directly onto an 
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outdoors patch of clean fine gravel (25 cm × 25 cm; ~2.5 cm deep: 15 mm stone chips) 

as a single clump, to simulate exposed C. fluminea beds. Full personal protection gear 

was used by all operatives and observers, with flame retardant on standby. Control 

groups were allowed to air dry for the longest exposure time of 10 seconds, and these 

patches were not burnt. Following flame treatment, specimens were allowed to air cool 

for a 15 minute period, including control groups. All groups were then immediately 

returned to the CT room, with replicates placed individually within 600 ml of 

dechlorinated tap water taken from a continuously aerated source (11–13 °C) for a 24 

hr recovery period, after which mortality was assessed. Specimens were considered 

dead if they were gaping, or if they offered no resistance to being teased apart with 

tweezers and did not reclose (see Matthews and McMahon 1999). 

 

8.2.5 Experiment 4: The effectiveness of direct and indirect open-flame exposure for 

inducing Corbicula fluminea mortality 

Specimens of C. fluminea (SH: 18 – 26 mm; 22.1 ± 0.7 mm) were exposed 

directly or indirectly to open-flame (n = 3 per experimental group) in simulated C. 

fluminea beds. Groups of 50 C. fluminea (800 ind. m-2) and 100 C. fluminea (1600 ind. 

m-2) were simultaneously exposed, directly and indirectly, respectively. Simulated 

mud patches (25 cm × 25 cm; ~2.5 cm deep) were constructed using ~1.2 kg of earth, 

500 g of clean fine gravel (15 mm stone chips) and 600 ml of tap-water. To create the 

indirect lower layer of specimens, 100 C. fluminea were placed into the mud patch and 

randomly mixed through the substrate. The direct layer was then formed by placing 50 

C. fluminea haphazardly across the surface area of the mud patch (Figure 8.1A). The 

patches were then exposed to open-flame for either 5, 10, 15, 20, 25 or 30 seconds 

(Figure 8.1B). Control groups were likewise formed into patches and allowed to air 
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dry for the longest exposure time, and these patches were not burnt. All patches were 

allowed to cool for a further 15 minute period following flame exposure (Figure 8.1C). 

All specimens were then returned to water within the CT room and left to recover for 

24 hrs, after which mortality was assessed, as above.  
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Figure 8.1 (A) Layer of Corbicula fluminea specimens residing upon a mud patch. (B) 

Direct application of open-flame to C. fluminea specimens. (C) C. fluminea specimens 

following direct exposure to open-flame. Photo credits: Stephen Potts. 
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8.2.6 Experiment 5: Efficacy of longer burn periods for buried C. fluminea 

Given that only low levels of mortality were observed for mud-dwelling C. 

fluminea exposed to open-flame treatments for ≤ 30 seconds (see Results), longer 

flame application periods were examined. Specimens of C. fluminea (SH: 18 – 26 mm; 

21.9 ± 0.6 mm) were indirectly exposed to open-flame treatments for either 1, 2, 3, 4, 

or 5 minutes (n = 3 per experimental group). As before, 100 C. fluminea (1600 ind. m-

2) were randomly mixed through substrate for the creation of mud patches (25 cm × 

25 cm; ~2.5 cm deep) to simulate C. fluminea beds. A top layer of C. fluminea residing 

upon the surface of the mud patch was not included in this experiment. Control groups 

were likewise formed into patches and allowed to air dry for the longest exposure time. 

Control patches were not burnt. Once the prescribed 15 minute cooling period had 

elapsed, the specimens were immediately returned to the CT room. Specimens were 

then left for a recovery period of 24 hrs after which mortality was assessed, as above.  

 

8.2.7 Experiment 6: Efficacy of combined rake and steam treatments for inducing 

Corbicula fluminea mortality 

As burial of C. fluminea within substrate appeared to limit the efficacy of steam 

spray treatments (see Results), the combined application of rake and steam was 

examined. The initial raking phase was used to churn-up the substrate in order to 

expose greater numbers of C. fluminea to the subsequent application of steam. 

Specimens of C. fluminea (SH: 20–22 mm) were exposed to steam spray treatments 

for 2.5 minutes, following a 30-second period of patch raking (Fiskars soil rake). The 

combined application of rake and steam was examined for single, double and triple 

treatments (n = 3 per experimental group). Groups of 30 C. fluminea (480 ind. m-2) 

were randomly mixed into a damp sand layer to create simulated patch of sand-
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dwelling bivalves, which was representative of a realistic C. fluminea bed structure 

(25 cm × 25 cm; ~ 4 cm deep). Control groups were, likewise, formed into sand 

patches, which were each raked for three consecutive 30-second periods and allowed 

to air dry for 2.5 minutes following each raking event. Control patches were not 

exposed to steam. Following a 15-minute cooling period, initiated after the final steam 

treatment had occurred, specimens were immediately extracted from the patch and 

returned to the CT room. As before, specimens were left for a recovery period of 24 

hrs, after which mortality was assessed.  

 

8.2.8 Experiment 7: Efficacy of combined rake and burn treatments for inducing 

Corbicula fluminea mortality 

As encapsulation of C. fluminea within mud appears to limit the efficacy of 

open-flame treatments (see Results), the combined application of rake and burn was 

examined. The initial raking of the substrate was to churn-up and furrow the mud 

patch, in order to expose greater numbers of C. fluminea to the subsequent open-flame 

treatments. Specimens of C. fluminea (SH: 18 – 26 mm; 21.6 ± 0.8 mm) were exposed 

to open-flame treatments for one minute, following a 30 second period of patch raking. 

The combined application of rake and burn was examined for single, double or 

triplicate treatments (n = 3 per experimental group). As before, 100 specimens were 

randomly mixed into a mud layer to create simulated mud patches, which were 

representative of a C. fluminea bed structure (25 cm × 25 cm; ~2.5 cm deep). A top 

layer of C. fluminea residing upon the surface of the mud patch was not included in 

this experiment. Control groups were likewise formed into mud patches, which were 

each raked for three consecutive 30 second periods and allowed to air dry for a one 

minute period following each raking event. Control patches were not burnt. Following 
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a 15 minute cooling period, initiated after the final burn treatment for each patch, 

specimens were immediately returned to the CT room. Specimens were then left for a 

recovery period of 24 hrs, after which mortality was assessed.  

 

8.2.9 Experiment 8: Efficacy of rake and steam treatments or rake and burn 

treatments using longer exposure periods 

Given that complete mortality of sand-dwelling C. fluminea was not observed, 

even following three consecutive rake and steam applications (see Results), longer 

steam and open-flame burn application periods were examined. Specimens of C. 

fluminea (SH: 21–23 mm) were exposed to steam spray (≥100 °C; 350 kPa) or open-

flame treatments (~1000 °C; 400 kPa: Rothenberger, Romaxi Power-burner) for a 5-

minute period, following a 30-second period of patch raking. This combined 

application of rake and thermal treatment was examined for single, double and triple 

treatments (n = 3 per experimental group). As before, 30 C. fluminea (480 ind. m-2) 

were randomly mixed through damp sand to create simulated patches (25 cm × 25 cm; 

~4 cm deep). Control groups were likewise formed into sand patches, and these control 

patches were raked for three consecutive 30-second periods and allowed to air dry for 

a 5-minute period following each raking event. Control patches were not exposed to 

thermal treatments. Once the prescribed 15-minute cooling period had elapsed, the 

specimens were immediately returned to the CT room. Specimens were left for a 

recovery period of 24 hrs, after which mortality was assessed, as above.  
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8.2.10 Experiment 9: Efficacy of rake and steam or rake and burn treatments for 

inducing Corbicula fluminea mortality at increased substrate depth 

To further examine the potential buffering effect of substrate, an additional depth 

of ~8 cm of sand was used. Following a 30-second period of patch raking, specimens 

of C. fluminea (SH: 22–24 mm) were exposed to steam spray or open-flame treatments 

for a 5-minute period. This combined application of rake and thermal treatment was 

examined for single, double and triple treatments (n = 3 per experimental group). As 

before, 30 C. fluminea (480 ind. m-2) were randomly mixed through damp sand to 

create simulated patches (25 cm × 25 cm). Once again, control groups were formed 

into patches, which were consecutively raked and air dried for a 5-minute period, three 

times overall. These patches were not exposed to thermal treatments. All patches were 

allowed to cool for a further 15-minute period following application of the final patch-

specific treatment. All specimens were then returned to aerated water within the CT 

room and left to recover for 24 hrs, after which mortality was assessed, as above.  

 

8.2.11 Experiment 10: Efficacy of rake and steam treatments for inducing mortality 

of water submerged Corbicula fluminea 

To assess the effect of submersion in water, sand-dwelling C. fluminea were 

exposed to steam through a 1 cm layer of water. Specimens of C. fluminea (SH: 23–

25 mm) were exposed to steam spray treatments for a 5-minute period, following a 30-

second period of patch raking. This application of combined rake and steam treatments 

was examined for single, double and triple treatments (n = 3 per experimental group). 

Groups of 30 C. fluminea (480 ind. m-2) were randomly mixed through damp sand to 

create simulated patches (25 cm × 25 cm; ~4 cm deep). Simulated patches were 

constructed within plastic trays (80 L × 50 W × 6 H cm). Tap water was then added 
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until a 1 cm layer was created between the patch and the water surface. Control groups 

were likewise formed into submerged patches, which were raked, then left undisturbed 

for a 5-minute period, repeated three times overall. Control patches were not exposed 

to steam. All patches were allowed to cool for a further 15-minute period following 

application of the final steam treatment, including controls. All specimens were then 

returned to the CT room and left to recover for 24 hrs, after which mortality was 

quantified, as above.  

 

8.2.12 Experiment 11: Direct steam exposure for inducing Dreissena polymorpha 

mortality 

Dresissena polymorpha specimens were exposed to steam spray applications 

for: 5, 10, 30, 60 or 120-seconds (n = 3 per experimental group). Groups consisting of 

30 D. polymorpha (SL mean ± SE; min.–max.: 22.13 ± 0.1, 16.9 – 30.08 mm) were 

briefly maintained in dechlorinated tap water (< 30 minutes) and extracted as needed. 

Groups were placed as loose clump on flat gravel patches (15 mm stone chips) and 

exposed to steam spray. These groups were composed of individual specimens (i.e. 

not already grouped together as a cluster). Control specimens were allowed to air-dry 

for a 1-minute period, and were not exposed to steam spray. Following exposure, all 

groups were cooled for a 15-minute period, including controls. Specimen groups were 

then returned to 600 ml of dechlorinated bubbled water, within the CT room. Mortality 

was assessed after a recovery period lasting 24 hrs, as above.  
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8.2.13 Experiment 12: Direct open-flame exposure for inducing Dreissena 

polymorpha mortality  

Dreissena polymorpha specimens were directly exposed to open-flame 

applications for either 5 or 10 seconds (n = 3 per experimental group). To avoid 

desiccation stress, groups of 30 D. polymorpha (SL: 22.57 ± 0.2; 16.9 – 28.68 mm) 

were maintained in dechlorinated tap water (< 30 minutes) and extracted as needed. 

Groups were placed as loose clump on flat gravel patches (15 mm stone chips) and 

exposed to open-flame for 5 or 10 seconds. These groups were composed of individual 

specimens, i.e. not already grouped together as a cluster. Control specimens were 

allowed to air-dry for a one-minute period, and were not exposed to open-flame. 

Following exposure, all specimens were cooled for a 15-minute period, including 

controls. Following this, specimen groups were returned to 600 ml of dechlorinated 

bubbled water, within the CT room. As above, mortality was assessed after a recovery 

period lasting 24 hrs.  

 

8.2.14 Statistical Analysis 

Data analyses were performed using R v3.4.4 (R Core Development Team 

2018). Binomial generalised linear models with logit links were used to examine 

bivalve mortality rates with respect to experimental treatment for each experiment 

separately. For examination of direct and indirect exposure efficacies (e.g. Experiment 

2), cover (2 levels) was additionally included as a single and interacting term to denote 

direct and indirect treatment efficacies. Further, for simultaneous assessment of 

mortality rates towards multiple layers (i.e. Experiment 4), a generalised linear mixed 

model integrating a random effects structure to account for repeated measures within 

each experimental unit was used (Bates et al. 2015). The mean bias-reducing adjusted 
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scores approach was implemented owing to complete separation in cases of total 

bivalve mortality and/or survival, whilst quasi-Binomial error distributions were 

integrated where residuals were over-dispersed (Firth 1993; Kosmidis 2014). Analysis 

of deviance was used for inferences of main effect sizes, with Type II sums of squares 

implemented for single terms, and Type III sums of squares in the presence of a 

significant interaction (Fox & Weisberg 2011). Estimated marginal means with Tukey 

adjustments were used for post-hoc treatment level contrasts where an effect was 

significant (Lenth 2018).  

 

8.3 Results 

8.3.1 Experiment 1: Direct steam exposure for inducing Corbicula fluminea 

mortality 

There was between 90 and 100% (i.e. min.-max.) survival of control 

specimens, while 100% mortality of C. fluminea was consistently observed following 

steam exposures of 60 and 120 seconds (Figure 8.2). Steam exposure significantly 

influenced bivalve mortality (GLM: χ2 = 102.58, df = 4, P < 0.001), with steam always 

driving significantly greater mortality than controls (all P < 0.001). Differences among 

steam exposure durations were not statistically clear (all P > 0.05).   

 

8.3.2 Experiment 2: The effectiveness of direct and indirect steam exposure for 

inducing Corbicula fluminea mortality 

Between 93 and 97% survival was documented for control specimens, for both 

directly and indirectly treated groups. Direct steam exposures lasting one minute or 

longer always caused 100% mortality of C. fluminea, whilst mortality rates between 

30.7 and 100% were observed following indirect exposures, with increased exposure 
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times resulting in greater mortality (Figure 8.3). The steam treatment effect thus 

interacted significantly with the level of cover (GLM: χ2 = 22.95, df = 4, P < 0.001), 

reflecting greater differences among steam exposures following indirect treatments. In 

particular, indirect 5-minute exposures were more efficacious than all other durations 

(all P < 0.001), whilst 3-minute indirect exposures drove significant mortality 

compared to 1-minute durations (P = 0.03). Differences between 1- and 2-minute 

indirect exposures, and 2- and 3-minute indirect exposures, were not statistically clear 

(both P > 0.05). Nevertheless, both direct and indirect steam treatments always 

induced significant mortality, compared to controls (all P < 0.001). 
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Figure 8.2 Mean mortality (± SE) of 10 adult Corbicula fluminea specimens (393 ind. 

m-2) 24 hrs post exposure to direct steam spray, for up to 120-seconds (≥ 100 °C; n = 

3). All clams were partially buried while residing upon the surface of dry sand 

substrate, i.e. half of each specimen was buried by sand.  
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Figure 8.3 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens 24 hrs 

post direct (A: partially buried, i.e. half of each specimen was buried by dry sand 

substrate) or indirect (B: fully buried below 3 cm of dry sand) exposure to steam spray 

treatments, for up to five minutes, respectively (n = 3). In both cases, C. fluminea 

density is 1179 ind. m-2.  
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Figure 8.4 Mean mortality (± SE) of 10 adult Corbicula fluminea specimens (160 ind. 

m-2) 24 hrs post exposure to direct open-flame treatments (n = 3).  
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8.3.3 Experiment 3: Direct exposure to open-flame for inducing Corbicula fluminea 

mortality 

There was 100 % survival of control C. fluminea and up to 100 % mortality for 

C. fluminea exposed to open-flame in this experiment (all P < 0.05; Figure 8.4). 

Mortality of C. fluminea was significantly affected by heat torch treatment time overall 

(χ2 = 184.55, df = 10, P < 0.001). While some C. fluminea survival was noted following 

1 and 2 seconds, total mortality was reliably achieved following exposures of 3 

seconds or longer.  

 

 

8.3.4 Experiment 4: The effectiveness of direct and indirect flame exposure for 

inducing Corbicula fluminea mortality 

There was between 98 – 100 %, min.-max., survival of control C. fluminea 

residing on the surface of the simulated patch, and 100 % mortality of C. fluminea 

directly exposed to open-flame treatments (Figure 8.5A). For C. fluminea mixed into 

the mud layer, there was between 98 – 99 % survival of control groups and between 8 

– 11 % mortality of C. fluminea indirectly exposed to open-flame treatments at the 

longest exposure time of 30 seconds (Figure 8.5B). Application of direct open-flame 

treatments significantly influenced mortality overall (χ2 = 190.17, df = 6, P < 0.001), 

with all flame exposures causing significantly greater mortality than controls (all P < 

0.001). However, whilst total mortality of C. fluminea at the surface was caused by 

open-flame treatments at five seconds or longer, mortality rates in the mixed layer 

were significantly lower, with high survivability exhibited following all flame 

treatments (χ2 = 273.25 df = 1, P < 0.001). 
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8.3.5 Experiment 5: Efficacy of longer burn periods for buried C. fluminea 

There was 98 – 99 % survival of control C. fluminea and up to 100 % mortality 

of C. fluminea exposed to open-flame at the longest exposure period of five minutes 

(Figure 8.6). Indirect exposure to open-flame treatments had a significant impact on 

C. fluminea mortality rates (F5, 12 = 38.96, P < 0.001). Mortality rates of indirectly 

flame treated C. fluminea were significantly higher than that of control groups for all 

exposure times (all P < 0.05). However, mortality rates following one minute flame 

applications were significantly lower than all other exposure times (all P < 0.05). 

Mortality rates following four and five minute exposures were significantly higher 

than those recorded from two and three minute exposures (all P < 0.05). However, not 

all treatments achieved 100 % mortality (Figure 8.6).  
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Figure 8.5 Mean mortality (± SE) of 50 adult Corbicula fluminea specimens (800 ind. 

m-2; A) and 100 specimens (1600 ind. m-2; B), 24 hrs post direct or indirect exposure 

to open-flame treatments, for up to 30 seconds, respectively (n = 3). 
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Figure 8.6 Mean mortality (± SE) of 100 adult Corbicula fluminea specimens (1600 

ind. m-2) 24 hrs post indirect exposure to open-flame treatments, for up to five minutes 

(n = 3).  

 

 

8.3.6 Experiment 6: Efficacy of combined rake and steam treatments for inducing 

Corbicula fluminea mortality 

There was between 93 and 97% survival of control specimens, while up to 83% 

mortality was observed following triple applications of rake and steam treatment 

(Figure 8.7). Single and double applications caused lower mortality. The rake and 

steam treatment was significant in inducing C. fluminea mortality (GLM: χ2 = 146.16, 

df = 3, P < 0.001). Double and triple applications were more efficacious than single 

rake and steam applications (both P < 0.001), whilst differences between double and 

triple treatments were less clear statistically (P = 0.61). However, significant mortality 

was observed following all treatments compared to controls (all P < 0.001).  
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Figure 8.7 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24 hrs post exposure to the application of combined 30-second rake and 2.5-

minute steam spray treatments while residing within a 4 cm deep patch of damp sand 

substrate; performed as a single, double (×2) or triple (×3) treatment (n = 3). 

 

 

 

8.3.7 Experiment 7: Efficacy of combined rake and burn treatments for inducing 

Corbicula fluminea mortality 

There was 98 – 99 % survival of control C. fluminea and up to 100 % mortality of C. 

fluminea exposed to the combined rake and burn treatment conducted in triplicate 

(Figure 8.8). Mortality of C. fluminea was significantly affected by combined rake and 

burn treatments (χ2 = 1008.90, df = 3, P < 0.001). All applications of the combined 

treatments, i.e. single, double or triple, resulted in significantly higher mortality rates 

than control groups (all P < 0.001). In turn, application of the combined rake and burn 

treatment in triplicate was significantly more efficacious than single and double 
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applications (both P < 0.05). However, a double application was significantly more 

effective than a single for causing C. fluminea mortality (P < 0.001; Figure 8.8), with 

100 % C. fluminea mortality being achieved with three sessions of rake and burn 

(Figure 8.8). 

 

 

 

 

 

 

Figure 8.8 Mean mortality (± SE) of 100 adult Corbicula fluminea specimens (1600 

ind. m-2) 24 hrs post exposure to the application of combined 30 second rake and one 

minute burn treatments; performed as a single, double (×2) or triplicate (×3) treatment 

(n = 3). 
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8.3.8 Experiment 8: Efficacy of rake and steam treatments or rake and burn 

treatments for inducing Corbicula fluminea mortality following longer exposure 

periods 

Between 97 and 100% survival of control specimens was recorded. An average 

of 97% C. fluminea mortality was exhibited after triple rake and steam treatments, 

whilst 100% mortality was always observed following triple rake and burn 

applications (Figure 8.9A). For both treatment types, single and double applications 

caused lower mortality. Treatments caused significant differences in mortality for C. 

fluminea (GLM: χ2 = 322.88, df = 6, P < 0.001). There were no significant differences 

in mortality between steam and burn applications under matched single, double or 

triple applications (all P > 0.05). However, open-flame burn treatments tended to kill 

more C. fluminea than steam applications. All treatments caused significantly higher 

mortality, compared to control groups (all P < 0.001).   

8.3.9 Experiment 9: Efficacy of rake and steam or rake and burn treatments for 

inducing Corbicula fluminea mortality at increased substrate depth 

There was 100% survival of control specimens, while up to 67% and 77% C. 

fluminea mortality was observed following both triple applications of rake and steam, 

and triple applications of rake and burn treatments, respectively (Figure 8.9B). 

Significant differences in mortality were recorded among treatment groups (GLM: χ2 

= 177.32, df = 6, P < 0.001). As with Experiment 4, differences between steam and 

burn treatments did not differ significantly at matched application types (all P > 0.05). 

However, once again, open-flame burn treatments killed more C. fluminea than steam 

applications. All treatments caused significant mortality in comparison to control 

groups (all P < 0.05).  
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Figure 8.9 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24 hrs post exposure to the application of combined 30-second rake and 2.5-

minute thermal shock treatments, while residing within damp sand substrate at a depth 

of: (A) 4 cm; and (B), 8 cm. Thermal treatments consisted of steam spray or open-

flame exposure, i.e. ≥ 100 °C or ~1000 °C, respectively. All treatments were performed 

as a single, double (× 2) or triple (× 3) applications (n = 3). 
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8.3.10 Experiment 10: Efficacy of rake and steam treatments for inducing mortality 

of water submerged C. fluminea 

There was 100% survival of control specimens, while up to 70% mortality in C. 

fluminea was observed following rake and steam treatments for water submerged 

bivalves (Figure 8.10). Treatment effects on mortality were significant overall (GLM: 

χ2 = 125.88, df = 3, P < 0.001), with all rake and steam treatments causing significantly 

greater mortality than control groups (all P < 0.05). Double and triple applications 

were significantly more effective than single exposures (both P < 0.05), whilst 

differences between double and triple applications were not statistically clear (P = 

0.11).  

 

 

Figure 8.10 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24 hrs post exposure to the application of combined 30-second rake and 2.5-

minute steam treatments. Specimens resided within 4 cm of completely saturated sand 

substrate, which was submerged below a 1 cm layer of water. Treatments were 

performed as a single, double (×2) or triple (×3) applications (n = 3). 
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 8.3.11 Experiment 11: Direct steam exposure for inducing D. polymorpha mortality 

Between 93 and 100% of control specimens were observed to survive, while 

100% mortality was consistently recorded in D. polymorpha at steam exposures 

exceeding 30 seconds (Table 8.1). Accordingly, the effects of steam exposure were 

significant on mortality rates (GLM: χ2 = 388.82, df = 5, P < 0.001), wherein all steam 

exposure durations were significantly more efficacious than controls (all p < 0.001). 

In turn, 5-second exposures were significantly less effective than longer steam 

exposure durations (all P < 0.01).  

 

8.3.12 Experiment 12: Direct open-flame exposure for inducing D. polymorpha 

mortality  

There was between 93–100% survival of control specimens, with 100% 

mortality of D. polymorpha being exhibited following flame exposures for both 10 and 

30-second applications (Table 8.1). The effects of open-flame exposures were, 

therefore, significant overall (GLM: χ2 = 319.61, df = 2, P < 0.001), with both flame 

exposure durations driving significantly increased mortality, as compared to control 

groups (both P < 0.001).  
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Table 8.1 Mean (± SE) raw percentage mortality of Dreissena polymorpha, 24 hrs 

post exposure to thermal shock treatments. All treatments were replicated three 

times. 

 

 

 

8.4 Discussion 

Whilst previous studies have highlighted that steam spray treatments can kill 

invasive bivalves and decontaminate equipment to prevent their further spread (e.g. 

Coughlan et al. 2019b; Joyce et al. 2019; Chapters 5 & 6), Experiment 1 of the current 

study has shown that steam spray treatments, lasting ≥ 60 seconds, can also rapidly 

kill C. fluminea residing on the surface of sand substrate. It appears that the application 

of extreme heat, such as steam spray, causes the hemolymph and extrapallial fluid in 

the treated bivalve to boil, rupturing internal soft tissue structures (NEC pers. obs.). 

Further, Experiment 2 has highlighted that larger groups of surface dwelling and 

buried C. fluminea (30 ind. group-1; 1179 ind. m-2) can also be completely killed 

following 1-minute or 5-minute steam exposures, respectively, at least under the 

conditions that the experiment was performed. 

Experiment 3 revealed that application of open-flame burn treatments can cause 

complete C. fluminea mortality at exposure times of ≥ 3 seconds, for directly exposed 

Treatment Exposure (seconds) 

Steam spray Control 5 10 30 60 120 

Steam ≥100 °C 
3.3 ± 

1.9% 

52.2 ± 

4% 

77.7 ± 

4.8 

100% 100% 100% 

Open-flame torch Control 5 10 

Open-flame ~1000 

°C 

2.2 ± 2.2 100% 100% 
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surface dwelling clams. Experiment 4 highlighted that larger groups of surface 

dwelling C. fluminea (50 ind. group-1; 800 ind. m-2) will also be rapidly killed 

following ≥ 5 seconds of exposure to open-flame. Although encapsulation of C. 

fluminea within substrate can substantially reduce the efficacy of open-flame 

treatments on C. fluminea mortality, Experiment 5 has shown that longer burn times 

can result in up to complete mortality of buried specimens (100 ind. group-1; 1600 ind. 

m-2).  

Although burial of C. fluminea in sand substrate can reduce the efficacy of steam 

treatments, Experiment 6 has showed that disturbing the sediment immediately prior 

to application of steam can substantially increase C. fluminea mortality. In essence, 

the repeated raking of substrates containing bivalves churned specimens upwards 

towards the surface, and likely increased the overall surface area of substrate exposed 

to steam, whilst also facilitating deeper penetration of the bivalve bed by steam, 

through the creation of channels and loosening of the substrate. These combined rake 

and 2.5-minute steam treatments caused up to 82% mortality of C. fluminea following 

triple applications (30 ind. group-1; 480 ind. m-2). Importantly, Experiment 7 further 

confirmed that disturbing the sediment immediately prior to application of open-flame 

treatments can substantially increase C. fluminea mortality. These combined rake and 

burn treatments caused complete mortality of C. fluminea following three applications 

(100 ind. group-1; 1600 ind. m-2).  

Experiment 8 revealed that longer steam and open-flame burn applications, i.e. 

thermal shock treatments lasting for a 5-minute rather than 2.5-minute period, can 

effectively kill up to 100% of C. fluminea specimens (30 ind. group-1; 480 ind. m-2), 

following triple applications. Although not statistically evident, open-flame burn 

treatments tended to kill more C. fluminea than steam applications, and this is most 
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likely due to the more intense heat generated by open-flame in comparison to steam, 

i.e. ~1000°C and ~100°C, respectively. However, further confirmation of this 

perceived effectiveness is required. Therefore, over large areas, the use of open-flame 

burns could provide for greater control of C. fluminea than steam treatments. Yet, sand 

substrate also appeared to buffer C. fluminea from the more extreme heat of the open-

flame torch. Similarly, Experiment 9 has revealed that a greater substrate depth will 

reduce the efficacy of rake and thermal shock treatments, for both steam and open-

flame applications (30 ind. group-1; 480 ind. m-2). 

Further, Experiment 10 revealed that substrate submerged by 1 cm depth of 

water will also reduce the efficacy of rake and steam treatments (30 ind. group-1; 480 

ind. m-2). Overall, when taken together, these results demonstrate that the application 

of thermal shock treatments, using steam or open-flame burn applications treatments, 

can potentially be used for effective, rapid response and substantial population control 

of C. fluminea populations residing within exposed river, lake and canal beds. 

Similarly, Experiments 11 and 12 suggest that steam spray and open-flame burn 

treatments can also be used to control low-water exposed D. polymorpha. In effect, I 

suggest that thermal shock treatments could form part of a suite of tools available for 

population control of these, and other, invasive bivalves (e.g. quagga mussels 

Dreissena rostriformis bugensis Andrusov, 1897, and golden mussel Limnoperna 

fortunei Dunker, 1857). Nevertheless, multiple applications of thermal shock 

treatments, applied over numerous visits to the invaded site over the course of a 

number of days or weeks, may be required to achieve meaningful control, if not 

complete eradication.  

Cold thermal shock treatments, caused by an application of dry ice pellets, have 

been shown to effectively kill C. fluminea during low-water exposure and at a water 
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depth of up to 10 cm (Coughlan et al. 2018b; Chapter 7). However, the application of 

dry ice pellets still requires testing under field conditions. Currently, underwater 

control methods for bivalve populations such as dredging and bethic barriers, remain 

problematic, expensive, labour-intensive and are frequently unsuccessful (e.g. 

Wittmann et al. 2012a,b; Sheehan et al. 2014). Although the results presented in this 

Chapter do not offer a direct solution for the in-water management of invasive 

bivalves, thermal shock treatments could be combined with mechanical dredging 

methods to improve waste disposal practices, thus ensuring any extracted bivalves are 

completely killed prior to final disposal. For example, to reduce the cost of waste 

disposal, guaranteed in situ mortality may allow for bivalves to be returned to the 

waterway following thermal shock treatments, rather than requiring the relocation of 

biological waste material. However, although short-term negative non-target 

ecological impacts can potentially be outweighed by the long-term positive 

conservation benefits gained by removing damaging invaders (Woodford et al. 2013), 

a thorough assessment of direct and residual treatment effects on biodiversity, such as 

mortality of native species and decomposition effects, would be required. 

Nevertheless, given the high levels of biological connectivity and relatively short 

invertebrate species recolonization times associated with lotic systems (Yount and 

Niemi 1990; Caffrey et al. 2010; Wittmann et al. 2012a,b; Coughlan et al. 2017a), 

rapid habitat recovery may possibly ensue following thermal treatments, and this can 

be further aided with appropriate management strategies.  

Whilst the results presented within this study are promising, additional research 

is needed to confirm the effectiveness of thermal shock treatments under natural field 

conditions. In particular, the buffering effects of both deeper and different substrate 

types, and deeper water submergence, should be assessed. Equally, further assessment 
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will need to be given to the clustering and layering, whereby outer layers may shield 

underlying mussels at higher densities. Examination of combined approaches, 

whereby multiple applications of various control mechanisms could be combined and 

strategically applied to increase overall bivalve mortality should also be considered. 

For example, both hot and cold thermal shock treatments could be combined, which 

may potentially increase mortality rates through additional thermal shock across a 

greater temperature gradient (McMahon & Ussery 1995; Spidle et al. 1995; 

Perepelizin & Boltovskoy 2011). In addition, the sudden exposure of C. fluminea to a 

hot thermal shock treatment, following an initial dramatic cooling from a prior 

application of dry ice, may cause substantially greater mortality due to greater 

differential temperature change (e.g. -78 °C to 1000 °C). Moreover, sub-lethal 

temperatures (i.e. not instantaneously lethal) can also cause mortality through enacting 

avoidance behaviours whereby bivalves are forced to close and rely on stored energy 

reserves and anaerobic respiration until energy resources are depleted or metabolic 

wastes reach a toxic level (Bayne et al. 1976; Perepelizin & Boltovskoy 2011). Further, 

physiological responses to elevated temperatures can also include degeneration of the 

gill filaments and detrimental histological of the internal organs (Head 1962; Gonzalez 

& Yevich 1976). As such, overtime, sub-lethal temperatures can contribute to overall 

population morbidity and mortality (White et al. 2015). Finally, in all cases, the 

potential impact of thermal shock treatments on non-target organisms inhabiting 

bivalve beds should also be considered. 

Although the application of thermal shock treatments could be expensive and 

laborious, given the current lack of effective and environmentally-friendly invader 

eradication and control methods, the excellent potential shown by these innovative 

treatments requires further investigation. In particular, a comparative assessment of 



181 
 

financial costs of the proposed treatments, current control practices and the cost of 

inaction should be undertaken. Whilst thermal shock treatments will incur an expense, 

this may be relatively more affordable than other management strategies, especially if 

it provides for rapid-reaction and long-term population control. Overall, I argue that 

thermal shock treatments may represent a relatively more user- and environmentally-

friendly method of invasive bivalve control and, therefore, may more readily meet 

societal expectations in relation to reduced environmental impacts.  
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Chapter 9: 

Smoke on the water: comparative assessment of 

combined thermal shock treatments for control of 

invasive Asian clam, Corbicula fluminea 
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Abstract 

The suppression of established populations of invasive alien species can be complex 

and expensive processes, which are frequently unsuccessful. The Asian clam, 

Corbicula fluminea (Müller, 1774), is considered a high impact invader that can 

adversely alter freshwater ecosystem and decrease their socioeconomic value. To date, 

C. fluminea continues to spread and persist within freshwater environments 

worldwide, despite repeated management attempts to prevent dispersal and suppress 

established populations. As extensive C. fluminea beds can often become exposed 

during low-water conditions, the direct application of hot or cold thermal shock 

treatments has been proposed as suitable mechanism for the control of C. fluminea 

populations. Further, mechanical substrate disturbance may enhance the efficacy of 

thermal shock treatments by facilitating exposures towards multiple layers of buried 

clams. In this Chapter, I advanced these methods by assessing combined applications 

of both hot and cold thermal shock treatments for control of C. fluminea, using steam 

spray (≥100 °C; 350 kPa), low or high intensity open-flame burns (~1000 °C), and dry 

ice (-78°C).  In a direct comparison of raking combined with hot thermal shock 

applications, both steam and high-intensity open-flame treatments tend to be most 

effective, especially following multiple applications. Additionally, when hot thermal 

treatments are followed by a final cold shock (i.e. dry ice), steam treatments tended to 

be most effective. Further, when dry ice was applied either alone or prior to an 

application of a hot shock treatment, substantial if not complete C. fluminea mortality 

was observed. Overall, this Chapter demonstrated that combined applications of hot 

and cold thermal shock treatments, applied following the disruption of the substrate, 

can substantially increase C. fluminea mortality compared to separate hot or cold 

treatments.  
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9.1 Introduction 

Invasive alien species are considered a key component of global change, as 

established invader populations can detrimentally alter ecological and evolutionary 

dynamics, which in turn can negatively impact ecosystems and decrease their 

socioeconomic value (Simberloff et al. 2013; Sousa et al. 2009; 2014). In general, 

management options for suppression and eradication can be complex undertakings, 

which are often costly and resource-intensive to preform (Caffrey et al. 2011b; 

Wittmann et al. 2012a,b; Piria et al. 2017; Chapter 7). Further, the efficacy of many 

control techniques are unknown, inadequate, while also being damaging to non-target 

species (Wittmann et al. 2012a,b; Caffrey et al. 2014; Sousa et al. 2014). Accordingly, 

there is a clear and urgent need to develop appropriate and readily-available control 

methods, which maximise efficacy of treatment towards target species, but minimise 

broad-scale environmental damage (Coughlan et al. 2018a,b; Cuthbert et al. 2018; 

Chapters 2-6). Ideally, any such method should be simple and relatively 

straightforward to apply within field scenarios (Coughlan et al. 2018b; Chapter 7). 

This is especially important as the implementation of control strategies can be impeded 

by numerous obstacles, including lack of public awareness and engagement (Davis et 

al. 2018), poor enforcement of regulations, inadequate monitoring and rapid-response 

protocols (Caffrey et al. 2014), and legal barriers, such as accessibility of private 

property (Piria et al. 2017). In addition, more traditional methods of invader control, 

such as chemical treatments, are no longer available due to legislative changes in light 

of undesirable environmental or human-health effects, or are simply inappropriate or 

ineffective for large open waterbodies rather than industrial settings (Sousa et al. 

2014).  
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The Asian clam, Corbicula fluminea (Müller, 1774), is a high impact invasive 

bivalve, which is considered a major threat to the function and biodiversity of 

freshwater ecosystems worldwide (Sousa et al. 2008; 2014). As a dominant filter-

feeder, C. fluminea can homogenise macroinvertebrate communities, physically alter 

benthic habitats, and disrupt ecosystem-regulating services (McMahon 1982; Sousa et 

al. 2008, 2014). Equally, its presence can have substantial negative economic impacts, 

through macrofouling of agricultural, municipal and raw water extraction systems, 

increased sedimentation rates, and the closure of sport fisheries and amenity areas 

(Nakano & Strayer 2014; Sousa et al 2014). Moreover, C. fluminea has shown a high 

degree of physiological and ecological plasticity (Sousa et al. 2014), and an 

exceptional capacity for human-mediated or even zoochorous dispersal (Belz et al. 

2012; Coughlan et al. 2017b). Despite repeated management efforts to curtail invader 

spread, C. fluminea continues to spread across hydrologically unconnected freshwater 

systems (Barbour et al. 2013; Caffrey et al. 2016; Colwell et al. 2017). Further, at the 

current predicted rate of climate change, novel river basins will be increasingly at risk 

of invasion as new areas of suitable habitat become available, especially at higher 

latitudes (Gama et al. 2017).  

Once established, C. fluminea can form dense and expansive populations that are 

notoriously difficult to eradicate or control (Caffrey et al. 2011a; Wittmann et al. 

2012a,b). For example, although extensive eradication and control experiments can 

achieve a short term reduction of both C. fluminea density and biomass, none have 

successfully provided a substantial long-term management solution for C. fluminea 

populations (Wittmann et al. 2012a,b; Sheehan et al. 2014). Accordingly, there is an 

urgent need to develop, refine and validate tools capable of providing rapid yet long-
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term control and eradication of emerging and existing C. fluminea populations 

(Colwell et al. 2017; Coughlan et al. 2018b; 2019a,c; Chapters 7 & 8).  

Recently, through a series of laboratory experiments, Coughlan et al. (2018b; 

Chapter 7) observed that cold thermal shock treatments, caused by an application of 

dry ice pellets (i.e. solid CO2 pellets at -78 °C), could be used to kill tidally-exposed 

substrate-residing C. fluminea. Similarly, Coughlan et al. (2019c; Chapter 8) 

demonstrated that open-flame torch (~1000 °C, i.e. hot thermal treatments) can also 

be used to kill mud-dwelling C. fluminea. Building on this, Coughlan et al. (2019a; 

Chapter 8) showed that a continuous jet of steam (≥100 °C) can likewise be used as 

effective tool for substantial population control of low-water exposed bivalves. 

Overall, when taken together, these studies show the usefulness of individual thermal 

shock treatments as methods for effective, rapid response control and possible 

eradication of C. fluminea populations (Coughlan et al. 2019a; Chapter 8). In 

particular, thermal shock treatments potentially represent a straightforward, user- and 

environmentally-friendly mechanism for causing substantial if not complete mortality 

of invasive alien bivalve species residing upon and within exposed lake, river or canal 

beds (Coughlan et al. 2019a; Crane et al. 2019; Joyce et al. 2019). Notably, Coughlan 

et al. (2019a,c; Chapter 8) observed an increased efficacy for thermal shock treatments 

when applied following the mechanical disruption of the structural integrity of the 

substrate, whereby the substrate was raked and churned to expose buried C. fluminea. 

Further, I suggest that combined approaches require investigation, whereby multiple 

applications of various control mechanisms could be combined and strategically 

applied to increase overall bivalve mortality (Coughlan et al. 2019a,c; Chapter 8). In 

particular, a sudden change of temperature that prevents any chance of acclimation, 
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especially over large temperature gradients, will likely increase mortality rates due to 

escalated thermal shock (Coughlan et al. 2019a,c; Chapter 8). 

In this Chapter, using simulated bivalve beds, I comparatively assessed the 

combined effects of substrate disruption, i.e. raking, combined with various rapidly 

applied thermal shock treatments, which consisted of steam, low or high intensity 

open-flame burns. In addition, the combined effects of raking combined with hot 

thermal shock treatments, followed by a final application of cold thermal shock that 

was delivered via the application of dry ice, was also examined. Similarly, the inverse 

of the process was likewise assessed, whereby following substrate raking, a cold 

thermal shock treatment was immediately applied, followed by the application of a hot 

thermal shock. Especially as many bivalve species show greater tolerance for sudden 

decline rather than a rapid increase in temperatures (e.g. presence of hemolymph ice-

nucleating proteins; Madison et al. 1991), a sudden upwards elevation of temperature 

could potentially be more damaging than accelerated cooling, particularly at a sub-

lethal cellular level (Hicks & McMahon 2002). I hypothesized that exposure to the 

more extreme heat delivery of an intense open-flame burn will result in greater C. 

fluminea mortality than steam or low intensity burns. Similarly, it is expected that the 

effect of combined hot and cold thermal shock treatments will increase overall bivalve 

mortality rates, as I predicted a sudden temperature change over a larger gradient will 

likely be more destructive, as has been noted in the literature by several studies (e.g. 

McMahon & Ussery 1995). In particular, cold followed by hot thermal shock 

applications may cause greater mortality than hot followed by cold thermal treatments, 

given the warm substrate may inhibit the inward penetration of extremely cold 

temperature into the simulated C. fluminea bed. Thus, through a series of factorial 
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experiments, I assessed potential avenues for the further development of thermal shock 

treatments as a means of rapid response invader control.  

 

9.2 Methods  

9.2.1 Specimen collection and maintenance 

Specimens of C. fluminea were collected from the extensive, tidally-exposed 

area at Poulmounty on the River Barrow in the Republic of Ireland (52°29′15.11″N, 

6°55′42.20″W) during May 2019, and transported in source water to Queen's 

University Marine Laboratory (QML), Northern Ireland. In the laboratory, specimens 

were kept within a controlled temperature (CT) room at 13 °C, on a 12:12 hour light-

to-dark schedule. All specimens were maintained in aerated aquaria using locally 

sourced lake water (Lough Cowey: 54°24'41.79"N, 5°32'25.96"W). Specimens were 

allowed to acclimatise to the laboratory for at least one week prior to experimentation. 

Further, only living and feeding specimens were selected for experimental work, i.e. 

selected specimens that were observed opening to feed, and reclosed when disturbed. 

Adult C. fluminea specimens were selected by shell height (SH), i.e. the maximum 

posterior to anterior axis ‘umbo to gape’.  

 

9.2.2 Experiment 1: Comparative assessment of the combined effect of raking 

combined with various hot thermal shock treatments to kill substrate-residing C. 

fluminea 

To mimic field scenarios, whereby C. fluminea are found residing in low-water 

exposed substrate, specimens (SH min.–max.: 18–20 mm) were encapsulated within 

damp sand patches. Groups of 30 C. fluminea were randomly mixed into a damp sand 

layer to create each simulated patch, which is representative of a realistic C. fluminea 
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bed structure (25 cm × 25 cm; ~ 4 cm deep: 480 ind. m-2). Combined applications of 

rake and thermal shock treatments were then examined. The initial raking phase was 

used to churn-up and furrow the substrate, to expose greater numbers of C. fluminea 

to the subsequent thermal shock treatments. Specimens were exposed to a continuous 

jet of steam (≥100 °C; 350 kPa; Karcher® SC3 Steam Cleaner), a low intensity open-

flame burn (~1000 °C; ASAB weed-burner AS-09463: butane gas), or high intensity 

open-flame burn (~1000 °C, 400 kPa: Rothenberger, Romaxi Power-burner: butane 

gas) for a 2.5-minute period, following a 30-second period of patch raking (Fiskars 

soil rake). The low intensity torch had a shorter ‘blue-flame’ length than the high 

intensity device, i.e. a shorter hottest burning section of flame, at ~5 and ~36 cm, 

respectively. The combined applications of rake and thermal shock were examined for 

single, double or triple treatments (n = 3 per experimental group). Control groups were 

likewise formed into sand patches, which were each raked for up to three consecutive 

30-second periods and allowed to air dry for a 2.5-minute period following each raking 

event. Control patches were not exposed to thermal shock treatments. Following a 15-

minute cooling period, initiated after the final thermal shock treatment had occurred, 

specimens were immediately extracted from the patch and returned to the CT room. 

Replicates were then placed individually within 600 ml of dechlorinated tap water 

taken from a continuously aerated source (11–13 °C) for a 24-hour recovery period, 

after which mortality was assessed. Specimens were considered dead if they were 

gaping, or failed to respond to a tactile stimulus, or did not reclose (see Matthews and 

McMahon 1999). 
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9.2.3 Experiment 2: Combined effect of raking combined with various thermal shock 

treatments with a final cold shock application, to kill substrate-residing C. fluminea 

To assess the combined efficacy of combined hot and cold thermal shock 

treatments to kill sand dwelling C. fluminea, specimens were factorially exposed to 

treatments under both non-disrupted substrate and disrupted substrate,( i.e. non-raked 

or raked). This was immediately followed by the application of a hot thermal shock, 

followed by a single final cold thermal shock. Hot thermal shock treatments consisted 

of steam spray, a low intensity open-flame burn, or high intensity open-flame burn 

(see above). Cold thermal shock was delivered using 9 mm dry ice pellets, (i.e. solid 

CO2 pellets at -78 °C). As described above, groups of 30 C. fluminea specimens (SH 

min.–max.: 19–21 mm) were mixed into damp sand patches. Following an initial 30-

second non-raking or raking period, specimens were exposed to steam or burn 

treatments for a 2.5-minute period. For rake-treated groups, all combinations of 

experimental applications were examined for single, double or triple treatments (n = 3 

per experimental group). Immediately following the application of the final hot 

thermal shock treatment, 800 g of dry ice was evenly applied to the upward facing 

surface area of the patch, for a 30-minute period. Following this, all specimens were 

extracted from the patch. If required, specimens were carefully separated from dry ice 

by hand, using a small metal ice-pick and cool dechlorinated tap water, ~6 °C. Control 

patches were raked for up to three 30-second periods and allowed to air dry for a 2.5-

minute period following each raking event. In addition, control patches were also 

allowed to air dry for a 30-minute period following the last raking, or non-raking, 

event. Control patches were not exposed to any thermal treatments, hot or cold. As 

before, all specimens were returned to the CT room and left to recover for 24-hours, 

after which mortality was assessed.  
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9.2.4 Experiment 3: Combined effect of raking combined with a cold thermal shock, 

followed by the application hot thermal shock treatments, to kill substrate-residing C. 

fluminea 

To investigate the combined impact of cold followed by hot thermal shock 

treatments on sand encapsulated C. fluminea, specimens were exposed to combined 

applications of non-disrupted and disrupted substrate, dry ice and various hot thermal 

shock treatments in a fully factorial experiment. As above, the integrity of the substrate 

was disrupted through raking, while cold thermal shock was achieved with the 

application of 9 mm dry ice pellets. Hot thermal shock treatments consisted of steam 

spray, or high intensity open-flame burns. Once again, groups of 30 C. fluminea 

specimens (SH min.–max.: 20–22 mm) were mixed into damp sand patches. Raking 

periods lasted for 30-seconds, and were followed by the application of 800 g of dry 

ice. Dry ice was then evenly spread over the entire patch, with exposure lasting for a 

30-minute period. Following this, each patch received either no further treatment, or a 

hot thermal shock lasting 2.5 minutes. All combinations of experimental applications 

were examined for single, double or triple treatments (n = 3 per experimental group). 

Once the final hot thermal shock was complete, specimens were allowed to cool for a 

15-minute period before being extracted from the patch. Control patches were raked 

for up to three 30-second periods and allowed to air dry for a 2.5-minute period 

following each raking event. Control patches were also allowed to air dry for a 15-

minute period following the last raking event. Control patches were not exposed to any 

thermal treatments, hot or cold. As above, all specimens were returned to the CT room 

and left to recover for 24-hours after which mortality was assessed. 
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9.2.5 Data analyses 

Bivalve mortality rates in each experiment were analysed separately according 

to thermal shock and rake treatments, and their interaction, using binomial generalised 

linear models. Bias reductions were employed for Experiment 3, owing to complete 

separation of residuals (Firth 1993; Kosmidis 2014). Analysis of deviance with Type 

III sums of squared was used to calculate effect sizes and P-values (Fox & Weisberg 

2011). Tukey tests via estimated marginal meals were used to undertake post-hoc 

pairwise comparisons (Lenth 2018). All analyses were undertaken using the R 

statistical software environment (R Development Core Team 2018).  

 

9.3 Results 

9.3.1 Experiment 1: Comparative assessment of the combined effect of raking 

combined with various hot thermal shock treatments to kill substrate-residing C. 

fluminea 

Whilst control mortality never exceeded 7% across all rake treatments, up to 

100% C. fluminea mortality was observed following triple rake and thermal shock 

applications via high-intensity open-flame burn treatments (Figure 9.1). Thermal 

shock and rake treatments interacted significantly (χ2 = 19.13, df = 6, P = 0.004). 

Whilst significant mortality was always induced via hot thermal shock compared to 

controls (all P < 0.01), there was no significant difference among thermal shock 

treatments following single rake applications (all P > 0.05). Contrastingly, after double 

and triple rake applications, differences among heat treatments were emergent. 

Mortality rates were significantly higher following steam or high-intensity open-flame 

treatments relative to low-intensity burning after multiple raking treatments (all P < 

0.01). Although high-intensity open-flame treatments tended to be most effective 
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overall, both steam and high-intensity open-flame always caused similar levels of C. 

fluminea mortality rates (all P > 0.05).  

 

9.2.2 Experiment 2: Combined effect of raking combined with various thermal shock 

treatments with a final cold shock application, to kill substrate-residing C. fluminea 

Whilst control mortality never exceeded 10%, triple steam and open-flame 

thermal shock treatments, followed by a final dry ice exposure, caused up to 100% 

mortality of sand dwelling C. fluminea (90–100%: Figure 9.2). Within combined hot 

and cold thermal shock application, steam exposures tended to be the most efficacious 

thermal treatment overall. As before, there was a significant interaction between 

thermal shock and rake treatments (χ2 = 62.94, df = 9, P < 0.001). Control mortality 

was always significantly lower than thermal shock treated groups, irrespective of 

raking exposure (all P < 0.05). In the absence of raking, combined steam and dry ice 

treatments were significantly more effective in inducing mortality than low- or high-

intensity open-flame equivalents (both P < 0.001). In turn, high-intensity burning 

followed by dry ice was more efficacious than low-intensity open-flame equivalents 

(P = 0.001). However, following single, double or triple rake treatments, differences 

among low- and high-intensity open-flame treatments, followed by dry ice, were not 

statistically clear (all P > 0.05). Hot thermal shock treatments with steam were 

significantly more effective than both the open-flame treatments for single rake 

exposures (both P < 0.05). However, although steam treatments were more effective 

than high-intensity burns (P = 0.03), they were not more low-intensity burns (P = 0.89) 

under double rake exposures. Conversely, there were no significant differences among 

thermal shock treatments following triple raking (all P > 0.05). Therefore, differences 
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among combined hot and cold thermal shocks were conserved within rake treatments, 

with raking especially enhancing the efficacy of open-flame treatment groups. 

 

 

 

 

Figure 9.1 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24-hours following exposure to the application of combined 30-second rake and 

2.5-minute thermal shock treatments, while residing within a 4 cm deep patch of damp 

sand substrate. Thermal treatments consisted of steam spray (≥ 100 °C), low intensity 

or high intensity open-flame exposure (~1000 °C). All treatments were performed as 

a single, double (× 2) or triple (× 3) applications (n = 3 per experimental group).
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Figure 9.2 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24-hours following exposure to the application of combined 30-second rake and 

2.5-minute thermal shock treatments, while residing within a 4 cm deep patch of damp 

sand substrate. Thermal treatments consisted of steam spray (≥ 100 °C), low intensity 

or high intensity open-flame exposure (~1000 °C). Patches were evenly covered with 

800 g of dry ice for a 30-minute period immediately after the final hot thermal shock 

application. Control patches were not exposed to thermal treatment, hot or cold, but 

were raked for up to three times.  
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9.2.3 Experiment 3: Combined effect of raking combined with a cold thermal shock, 

followed by the application hot thermal shock treatments, to kill substrate-residing 

C. fluminea 

Although exposed to three rake cycles, control specimen mortality never 

exceeded 10%. However, cold thermal shock via dry ice consistently caused 100% 

mortality of C. fluminea following double and triple applications, irrespective of 

additional hot thermal shock treatments (Figure 9.3). In addition, cold thermal shock 

treatments followed by a steam application consistently killed all sand dwelling C. 

fluminea, even following just single rake applications. Thermal shock and rake effects, 

again, interacted significantly in causing C. fluminea mortality (χ2 = 32.85, df = 9, P < 

0.001). Cold thermal shock followed by hot thermal shock always caused significant 

mortality relative to controls, irrespective of rake treatment (all P < 0.001). 

Nevertheless, thermal shock treatments were always statistically similar following 

non-raked, double rake and triple rake applications (all P > 0.05). On the other hand, 

following single rake treatments, the addition of steam significantly increased C. 

fluminea mortality compared to dry ice alone (P = 0.04). Overall, although dry ice was 

highly efficacious in causing mortality of C. fluminea alone, hot thermal shock 

applications bolstered cold thermal shock impacts under instances with reduced 

substrate disturbance.  
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Figure 9.3 Mean mortality (± SE) of 30 adult Corbicula fluminea specimens (480 ind. 

m-2) 24-hours following exposure to the application of combined 30-second rake and 

2.5-minute thermal shock treatments, while residing within a 4 cm deep patch of damp 

sand substrate. Patches were evenly covered with 800 g of dry ice for a 30-minute 

period prior to the application of each hot thermal shock treatment, which consisted of 

steam spray (≥ 100 °C), low intensity or high intensity open-flame exposure (~1000 

°C). All treatments were performed as a single, double (×2) or triple (×3) applications 

(n = 3 per experimental group). Although raked for up to three times, control patches 

were not exposed to thermal treatment, hot or cold.  
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9.4 Discussion  

Previous studies have shown that thermal shock treatments caused by dry ice 

(Coughlan et al 2018b), steam spray (Coughlan et al. 2019a,b; Joyce et al. 2019; 

Chapters 5 & 8) and open-flame burn applications (Coughlan et al. 2019a,c), can be 

used to rapidly kill substrate-residing C. fluminea under laboratory conditions. In this 

Chapter, I confirmed and significantly progress these observation through a 

comparative assessment for applications of substrate disruption (i.e. raking) followed 

by various combined hot and cold thermal shock treatments. Experiment 1 highlighted 

that high-intensity burns are more efficacious than low-intensity burning, especially 

following multiple applications. Interestingly, steam spray treatments were also highly 

effective. Further, Experiment 2 revealed that the application of hot and cold (i.e. dry 

ice) thermal shock treatments can substantially increase C. fluminea mortality. Once 

again, steam and high-intensity open-flame burns were generally observed to cause 

greater mortality than low-intensity burns. In particular, the efficacy of raking and 

multiple thermal shock applications was clearly evidenced, and particularly for open-

flame treatments. Building on this, Experiment 3 demonstrated that the application of 

dry ice, especially when combined with substrate raking over multiple treatments, can 

effectively kill sand dwelling C. fluminea. Further, when cold thermal shock 

treatments are followed by the application of a hot thermal shock, a greater proportion 

of C. fluminea can be killed with a single exposure, with 100% mortality being 

achievable with two or less applications of combined rake and thermal shock 

treatments.  

As previously described by Coughlan et al. (2019a; Chapter 8) groups of both 

surface-dwelling and buried C. fluminea can be completely killed, following 1-minute 

or 5-minute steam exposures, respectively. Similarly, open-flame heat torch treatments 
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can be used for effective and substantial control of C. fluminea populations, especially 

when combined with the prior disruption of substrate integrity to bring more specimens 

towards the surface (Coughlan et al. 2019a,c; Chapter 8). Although not statistically 

clear, Coughlan et al. (2019a) observed that high-intensity open-flame burn treatments 

tended to kill marginally more C. fluminea than steam applications, and this is thought 

to be most likely due to the more intense heat generated by open-flame relative to 

steam, i.e. ~1000°C and ~100°C, respectively. In the present study, although a similar 

trend was observed, steam appears to have an equal and sometimes greater efficacy 

than high-intensity open-flame burns when combined with an application of dry ice. 

As steam tends to condense onto substrate as hot water, this heated water may 

penetrate through the patch to warm and further saturate encapsulated C. fluminea. 

Subsequent addition of dry ice will then rapidly cool and freeze the substrate causing 

thermal shock (see Coughlan et al. 2018b; Chapter 7), through a sudden change over 

a wide temperature range. Indeed, in Experiment 2, it was difficult to extract C. 

fluminea from patches following a final treatment of dry ice as the substrate froze 

around the specimens. Similarly, the application of steam condensing into hot water, 

following an initial dry ice treatment, likewise causes a sudden temperature change 

within experimental patches. In contrast, substrate appears to insulate buried C. 

fluminea form open-flame treatments, which tends to dry and solidify the sand 

substrate (see Coughlan et al. 2019a; Chapter 8).  

Overall, I suggest that applications of raking combined with both cold and hot 

thermal shock treatments could be used as a rapid-response tool to control emerging 

and established populations of C. fluminea found residing within exposed river, lake 

and canal beds. In particular, it appears that cold thermal shock treatments followed 

by hot thermal applications of steam or high-intensity open-flame burn, would likely 
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be the most effective approach. However, further validation and clarification of these 

techniques is required. For example, the impact of deeper substrate depths will likely 

reduce the efficacy of thermal shock treatments (Coughlan et al. 2019a; Chapter 8), 

and this will need to be considered in greater detail. Further, although completely 

water-saturated sand substrate can reduce the efficacy of rake and steam treatments 

(Coughlan et al. 2019a; Chapter 8), the application of dry ice to cause a freezing effect 

may further increase mortality rates in such scenarios. However, even though dry ice-

induced cold thermal shock treatments have been shown to effectively kill C. fluminea 

at a submerged water depth of up to 10 cm (Coughlan et al. 2018b; Chapter 7), this 

has not yet been examined under field conditions. Hitherto, field-tested underwater 

mechanical control methods for bivalve populations, such as benthic barriers and 

dredging, have proven problematic, costly and unreliable (see e.g. Wittmann et al. 

2012a,b; Sheehan et al. 2014). However, as argued by Coughlan et al. (2019a; Chapter 

8), thermal shock treatments could be combined with mechanical dredging methods to 

improve bivalve population management strategies. In turn, such treatments may 

enhance waste disposal practices, effectively ensuring any extracted C. fluminea are 

killed prior to final disposal. In particular, guaranteed in situ mortality may allow for 

C. fluminea to be returned to the waterway following thermal shock treatments, rather 

than requiring the costly relocation of biological waste material (Coughlan et al. 

2019a,c; Chapter 8).  

Whilst the results presented within this Chapter are very promising, additional 

research is needed to confirm the effectiveness of multiple thermal shock treatments 

under natural field conditions. Whilst it is likely that rapid thermal shock applications 

will adversely impact non-target species over relatively short timescales, these effects 

may be outweighed by long-term conservation benefits associated with invader 
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eradications (Woodford et al. 2013), and particularly of those invasions which 

homogenise communities. Lotic systems in particular benefit from high levels of 

biological connectivity and are often recolonised rapidly through e.g. drift from 

uninvaded upstream refuges (Wittmann et al. 2012a,b; Coughlan et al. 2017a; 

Bellingan et al. 2019). These factors may thus mitigate any long-term ecological 

impacts of these methods. Nevertheless, thorough assessment of direct and indirect 

thermal shock treatment effects on biodiversity, such as mortality of native species 

within C. fluminea beds and inconspicuous decomposition effects, is required.  

Although the application of combined thermal shock treatments could be 

expensive and laborious, given the current lack of effective and environmentally-

friendly invader eradication and control protocols, the excellent potential shown by 

these innovative treatments requires further investigation under different 

environmental contexts. Further, a comparative assessment of financial costs of the 

proposed treatments, current control practices and the cost of inaction should be 

undertaken. Whilst thermal shock treatments will incur an expense, this may be 

relatively more affordable than other labour-intensive management strategies, such as 

harvesting, dredging and benthic barriers, which have largely been found to ineffective 

for control of C. fluminea populations (Wittmann et al. 2012a,b; Sheehan et al. 2014). 

In addition, thermal treatments may be especially useful if they provide for rapid-

reaction and long-term population control. Overall, although in situ confirmation is 

required, it is argued that the application of hot and cold thermal shock treatments 

could represent a method for control and possible eradication of C. fluminea. 
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Stone dead forever:  a summary  
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10.1 Overall Summary 

The overall aim of this thesis was to devise novel biosecurity protocols for 

improved spread-prevention, suppression and eradication of invasive aquatic species 

(IAS). To achieve this, I assessed multiple techniques to kill propagule stages for a 

variety of damaging IAS, including aquatic macrophytes, bivalves, and amphipod and 

mysid crustaceans. Further, I developed novel control techniques for invasive bivalve 

species, especially Corbicula fluminea.  

First, I determined that commonly used aquatic disinfectants are unlikely to kill, 

and subsequently curtail the spread of fragmentary propagules for damaging invasive 

macrophytes (Chapter 2). However, I reported that spread-prevention and disposal 

practices for layered clumps of invasive aquatic macrophytes can be further improved 

with the use of steam spray induced thermal shock (Chapter 3). Results from Chapters 

4, 5 and 6 indicated that aquatic disinfectants and hot thermal shock treatments can be 

used to effectively kill, and therefore prevent the further spread, of highly invasive 

invertebrate species: C. fluminea; Dreissena bugensis; D. polymorpha; Hemimysis 

anomala; and Dikerogammarus villosus. 

Then, using laboratory experiments, I determined the efficacy of a novel cold 

thermal shock treatment to deliver control, if not eradication of C. fluminea (Chapter 

7). In addition, results from Chapter 8 suggest that innovative steam or open-flame hot 

thermal shock applications can also be used as methods for the control of invasive 

bivalve species, C. fluminea and D. polymorpha. Chapter 9 shows the effectiveness of 

combined hot and cold thermal shock treatments as an improved mechanism for 

control of C. fluminea. 
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10.2 Spread-prevention of aquatic invasive species 

Spread-prevention campaigns, such as ‘Check, Clean, Dry’ in Great Britain, 

Ireland and New Zealand, aim to promote best-practice biosecurity protocols, designed 

to limit the spread of IAS (Anderson et al. 2014; Shannon et al. 2018). However, the 

overall efficacy of biosecurity treatments can vary with inter- and intraspecific 

differences (Chapters 2 & 5). For example, although Virkon® Aquatic can induce 

~93% mortality of juvenile C. fluminea, following a five-minute exposure, adults are 

largely resistant to aquatic disinfectants (Barbour et al. 2013; Chapter 5). Nevertheless, 

despite data deficiencies, especially in relation to the effectiveness of aquatic 

disinfectants, various untested biosecurity protocols continue to be used by 

recreational water users and responsible authorities, including government agencies 

(Caffrey 2010). Accordingly, to improve best-practice guidelines for optimal 

decontamination of equipment, this thesis examined the efficacy of a variety of 

possible biosecurity measures. 

Although aquatic disinfectants have been suggested as a suitable method for 

preventing the spread of IAS, Chapter 2 suggested that the submergence of 

fragmentary propagules within disinfectants solutions is not a reliable way to prevent 

the spread of invasive macrophytes. Although the original ‘parent’ fragment tended to 

degrade, sustained viability was observed in relation to new shoot and/or root 

regrowth, by almost all plant species. Interestingly, relatively large plant fragments 

such as those examined in Chapter 2 are known to exhibit a greater capacity for 

regrowth (Jiang et al. 2009; Hoffmann et al. 2015), yet are within the threshold of 

propagules which can likely entangle with, and be transported overland by, 

anthropogenic vectors (Coughlan et al. 2018a). Moreover, the fragmentary propagule 

size range examined in Chapter 2 is thought to reduce inhibition of lateral growth 
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driven through apical dominance (Cline 1991). However, although the overall relative 

growth rate of differential fragmentary sections did not differ, apical E. nuttallii 

fragments displayed greater numbers of both new shoots and roots, compared to mid-

stem sections. This may indicate some retention of apical dominance. 

In contrast to the study performed by Cuthbert et al. (2018), fragmentary 

propagules were kept in pond water following exposure to the disinfectants rather than 

dechlorinated tap water. Although Cuthbert et al. (2018) did include substrate within 

their post treatment growth containers, the more nutrient-rich pond water may have 

benefited sustained viability in comparison to dechlorinated tap water. Moreover, the 

favourable light intensity of 200-250 µmol·m-2·s-1 and warmer temperature conditions 

(18 °C) used in the present study may have promoted resumption of growth the 

examined species. Although physical removal of adhering organic material following 

visual inspection is undoubtedly beneficial, small organisms or propagules may not be 

observed, and therefore would require more thorough management protocols 

(Rothlisberger et al. 2010; Crane et al. 2019). Accordingly, it appears that 

decontamination procedures relying on submergence of equipment within disinfectant 

solutions will not curtail the spread of invasive aquatic macrophytes, for the examined 

concentrations and exposure times.  

Here, I have further developed the innovative use of steam spray to kill invasive 

macrophytes. Originally proposed by Crane et al. (2019) to facilitate improved spread-

prevention protocols for fragmentary propagules, Chapter 3 has shown that steam can 

effectively kill layered clumps of plant material. Therefore, I suggest that this simple 

yet highly efficacious technique can be used to facilitate spread-prevention of larger 

propagules, and improve disposal protocols for invasive macrophyte species. In 

addition, applications of steam could also be combined with partial in-field harvesting 
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to facilitate control, whereby plants are hoisted from the water, steamed in situ and 

returned to the waterbody to decompose. This may reduce boating, labour and disposal 

costs, or provide a workable solution for disposal when removal of invasive 

macrophyte material from the invaded site is prohibited.   

Further assessing the efficacy of aquatic disinfectants and steam treatments to 

prevent the spread of invasive invertebrate species, in Chapters 4, 5 & 6, I detailed the 

effectiveness of disinfectant soaking and spray treatments, and novel steam spray 

applications to kill selected invertebrate species. In general, both soaking and spray 

disinfectant treatments effectively killed invasive crustacean species (Chapter 4), but 

were observed to be much less efficacious against bivalve species (Chapters 5 & 6). 

These findings are in accordance with results reported elsewhere with the literature 

(e.g. Sebire et al. 2018), and further confirm the efficacy of disinfectant and thermal 

shock treatments to cause mortality and prevent the spread of invasive crustacean 

species. In particular, this thesis has shown that relatively brief submergence and spray 

treatments of manufacture recommended 1 or 2% disinfectant solutions, can cause 

substantial, if not complete, mortality of the examined invasive invertebrate species. 

However, disparity between the results presented in this thesis and those reported 

elsewhere in the literature, concerning the effectiveness of aquatic disinfectants to 

cause mortality of bivalve species (e.g. Barbour et al. 2013), may reflect life stage 

and/or size class differences of the examined specimens (see Chapter 5 & 6). 

Conversely, novel steam spray treatments effectively killed all invertebrate species, 

even following relatively brief exposure periods of ≤ 30 seconds. Further, hot air (~ 

500 °C) was also observed to completely kill D. polymorpha following 10 seconds of 

exposure. Similarly, Chapter 6 has shown that an application of dry ice (-78 °C) can 

also kill D. polymorpha. Overall, it appeared that thermal shock treatments could be 
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used to decontaminate niche, and difficult to manually clean or visually inspect, areas 

of equipment such as chain lockers and internal surfaces of pipework (Joyce et al. 

2019; Chapters 4 & 6). Therefore, I suggest that the biosecurity treatments examined 

within this thesis, could be used singularly or in combination to limit, if not prevent, 

the further spread of IAS. However, in all cases, in situ testing for confirmation of 

treatment efficacy levels under a variety of field consitions is still required.  

 

10.3 Implementation of improved spread-prevention practices 

Improved biosecurity practices using disinfectant treatments would likely be 

especially beneficial for decontamination of small items of equipment. For example, 

wetsuits, waders and nets could be completely immersed within disinfection baths 

(Barbour et al. 2013). Further, disinfectant mist-spray applications may aid 

decontamination of larger equipment (e.g. canoes and paddles) (Cuthbert et al. 2018; 

WIDNR 2019). Whilst disinfectants have been shown to be effective against microbes 

and certain IAS (Stockton-Fiti & Moffitt 2017; Sebire et al. 2018; Chapter 4), results 

presented in this thesis indicated limited effectiveness against other IAS, such as 

macrophytes and adult bivalves (Chapter 2 & 6). Equally, although the use of broad-

spectrum aquatic disinfectants could be used as a rapid method for achieving enhanced 

biosecurity (Rolheiser 2012; Cuthbert et al. 2018; Chapter 4), suitable disposal 

methods would need to be in place, such as interceptors for treatment 

water/disinfectant run-off, especially when considering equipment being cleaned prior 

to entering a site. Further, although the risk of toxicity to non-target aquatic organisms 

through disinfectant residues and spills is considered to be low (see Stockton-Fiti & 

Moffitt 2017), the legal issues concerning the use of broad-spectrum disinfectants as 

biosecurity agents for invasive macroscopic organisms will need to be addressed (e.g. 
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herbicide or insecticide; Cuthbert et al. 2018; Sebire et al. 2018; Chapter 2 & 4), 

despite their current de facto use as biosecurity agents. Especially as disinfectant 

solutions are considered to be more cost-effective than thermal treatments, as hot water 

and steam treatments may prove difficult to implement due to the costs associated with 

heating water, especially in field scenarios (Sebire et al. 2019). However, disinfectant 

solutions will be impractical and costly for large items of equipment, such as boats, 

boat-trailers.   

Direct applications of pressurised jets of steam may prove to be highly beneficial, 

and may bolster existing biosecurity protocols for equipment used in aquatic systems 

(Crane et al. 2019; Joyce et al. 2019). In particular, steam treatments may be especially 

useful for decontamination of equipment items that are otherwise problematic to 

manually clean, such as niche areas or large complex structures, (e.g. chain lockers, 

intake grates, pipework, trailers and vehicles; Joyce et al. 2019). Importantly, once the 

required intensity of steam to efficaciously kill target organisms has been deciphered, 

visual inspection of surfaces will no longer be necessarily required, especially for large 

and more structurally complex equipment (Crane et al. 2019; Joyce et al. 2019).  

The application of heat treatments in the form of heated water has previously been 

successfully used to kill IAS (Anderson et al. 2015; see also Chapter 5) damaging 

biofouling organisms, prevent the establishment of complex fouling assemblages. Yet, 

the application of steam could possibly be more efficacious than hot water treatments 

in certain scenarios, as the target organisms would be exposed to increased levels of 

thermal energy, retained as latent heat within the pressurised and hotter steam 

treatments. Further, while the economic cost of steam treatments will need to be 

clarified, heated water can be impractical or cost-prohibitive when applied at a large-

scale, particularly when the water temperature needs to be consistently maintained 
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within a set range to achieve uniform mortality of target species (Growcott et al. 2017; 

Joyce et al. 2019). In addition, the post-treatment release of large volumes of hot water 

can have ecological consequences, including thermal shock-induced mortality of non-

target organisms, and the dispersion of biofouling organisms that have survived 

treatment exposure.  

Although disinfectant and steam applications can be used to kill adhering 

organisms, these treatments will not necessarily remove the residual biomass. Despite 

this, dead organisms will eventually decompose, while the direct application of 

pressurised jets (e.g. through a lance like device) of steam may prove effective for 

removal of biofouling organisms (e.g. Piola & Hopkins 2012; Cahill et al. 2019), 

particularly when combined with additional cleaning methods, such as hand removal, 

brushing or scraping. Ensuring total mortality of IAS adhering to equipment prior to 

removal attempts, could be especially beneficial for reducing opportunities for further 

invader spread. Although steam cleaning will likely be impractical for small items of 

equipment, especially in remote locations, the use of brief steam treatments to 

decontaminate large equipment at centralised locations (e.g. angling station and 

marinas) could provide for effective biosecurity (Cahill et al. 2019; Joyce et al. 2019).  

Notably, in-field steam cleaning facilities could be established as biosecurity 

stations at points of waterway exit and entry (e.g. angling stations and boat ramps), to 

ensure access to steam cleaners or large soaking stations containing disinfectants 

(Crane et al. 2019 Sutcliffe et al. 2018), such an approach may be more financially 

viable if several stakeholders (e.g. clubs, community groups, government agencies) 

pool resources to off-set set-up and running costs. These decontamination facilities 

could mimic the design of car-wash stations (Chapter 5), and could potentially be 

operated by a trained attendant (Shannon et al. 2018; Crane et al. 2019; Chapter 5). 
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However, with guidance, these could be operated by all water users or by a trained 

attendant (Joyce et al. 2019). Overall, the promotion and adoption of these techniques 

by biosecurity campaigns, stakeholder groups, and practitioners should be encouraged. 

Furthermore, the requirement to perform and adhere to a biosecurity standard should 

be incorporated into relevant Codes of Practice, with subsequent enforcement in 

relation to all water users. Moreover, in some geopolitical jurisdictions such as the 

European Union, legislation strongly encourages participation in good biosecurity 

practices to the point that Member States can be fined for not preventing the further 

spread of selected IAS (i.e. Species of Union Concern) (EU 2014). In time, with 

enforcement, this may mean that water users could also be fined for inadequate 

biosecurity.  

Overall, there is a clear need to minimise the amount of time spent by users on 

biosecurity treatments, to reduce the economic cost associated with labour and to 

encourage participation in an activity that needs to be considered worthwhile from a 

societal viewpoint (Sutcliffe et al. 2017). Therefore, relatively expeditious biosecurity 

treatments are more likely to result in greater levels of public and organisational 

participation (Sutcliffe et al. 2017; Shannon et al. 2019). Therefore, although the 

efficacy of proposed techniques will need to be confirmed in situ, I suggest that brief 

disinfectant soaking/spray and steam exposure treatments could be used to prevent the 

spread of IAS for which each treatment type is most effective (i.e. disinfectant 

soaking/spray treatments for D. villosus and H. anomala, and steam treatments for all 

species examined in this thesis).  

User health and safety will also need to be considered for any proposed IAS 

spread-prevention tools (Anderson et al. 2015; Sebire et al. 2018; Shannon et al. 

2018), relevant to the jurisdiction in which they are to be performed. As such, the 
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correct personal protective equipment required for safe use of the suggested techniques 

will need to be confirmed prior to any endorsement of their use (e.g. clothing, boots, 

face-visor and other equipment). However, although the soaking of small equipment 

items within 1% or 2% solutions of aquatic disinfectants is considered to represent a 

safe and practical cleaning protocol for recreational water users (Barbour et al. 2013; 

Stockton-Fiti & Moffitt 2017; Sebire et al. 2018; WIDNR 2019), the use of thermal 

treatments (e.g. very hot water at >60°C, or steam) could result in user harm (Anderson 

et al. 2014; Shannon et al. 2018). Nevertheless, more intense thermal treatments could 

be used to facilitate decontamination of equipment by trained operatives as part of their 

work practices (e.g. governmental agencies, commercial companies) (Shannon et al. 

2018; Growcott et al. 2017; Cahill et al. 2019). 

 

10.4 Experimental approaches for spread-prevention and future research 

A primary aim of this was to devise biosecurity protocols for improved spread-

prevention of aquatic IAS. To achieve this, mortality of selected invasive macrophytes, 

bivalve and crustacean species was assessed following exposure to various biosecurity 

treatments. Exposure times were designed to reflect realistically brief in-field 

application times, as duration of treatment procedures can be a barrier to user uptake 

(Sutcliffe et al. 2018). Exposure times were kept as simple whole numbers, (e.g. 30, 

60 or 120 seconds), to allow confirmation of an exposure time capable of consistently 

achieving 100% mortality of the target IAS. Therefore, allowing a simple, clear and 

user-friendly recommendation to be made for optimal treatment exposure times. 

Further, concentrations of disinfectant solutions were based on manufacture 

recommendations of 1% or 2%, which were arbitrarily doubled or quadrupled to 

facilitate more in-depth assessment (e.g. Chapter 2). In addition, the these solution 
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concentrations were selected as they may be easily replicated in filed scenarios by end-

users by adding 10, 20 or 40 g of disinfectant powder into one litre of water.  

Overall, although biosecurity protocols will likely be improved with the use of 

broad-spectrum aquatic disinfectants, additional trials investigating the impacts of 

such disinfectant solutions on different IAS propagule stages, for existing and 

emerging invaders, should be considered (Cuthbert et al. 2018). However, if a 

treatment can induce complete invader mortality at its most robust life stage, it will 

also likely do so at more vulnerable life stages. While risks of toxicity to other aquatic 

organisms via residues and spills is considered low with good practice (see Stockton-

Fiti & Moffitt 2017), additional assessments for potential non-target effects on native 

species, particularly macroinvertebrates, would be highly beneficial (Cuthbert et al. 

2018; Chapter 2 & 5). Equally, while extended drying times can inhibit invader spread 

(Coughlan et al. 2018a), many water users rapidly and repeatedly move both short and 

long-distances between multiple freshwater sites (Anderson et al. 2014; De Ventura et 

al. 2016). Accordingly, the effects of multiple differential treatments, such as manual 

cleaning and disinfectant application combined with minimum drying times, should 

be explored further. For example, the effect of disinfectant decontamination 

procedures combined with relatively brief desiccation exposures to further develop 

simple, user- and environmentally-friendly protocols is urgently required (Crane et al. 

2019; Shannon et al. 2018).  

In addition, the development of operational treatments for steam 

decontamination of internal niche areas will require further assessment, especially in 

relation to heat distribution, and risk of damage to equipment, such as sensitive boat 

components (Growcott et al. 2017; Cahill et al. 2019). In particular, further research 

to assess the effects of steam applications on the integrity of antifouling coatings, 
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fibreglass and epoxy resin surfaces of boat hulls, niche areas and equipment is also 

required (Growcott et al. 2017; Joyce et al. 2019). Although this thesis represent a 

realistic and promising starting-point, an improved understanding of the physiological 

tolerances of adhering organisms to steam exposure is still required. In particular, 

experiments presented within this thesis require up-scaling to higher densities of 

organisms, complex fouling assemblages, differential life stages, and the assessment 

of impacts to non-target organisms and water quality parameters, and testing under 

realistic in situ scenarios.  

 

10.5 Control and eradication of aquatic invasive species 

In relation to the control and possible eradication of IAS, this thesis has focused 

on bivalve species, especially C. fluminea. To date, although extensive population 

control experiments have been conducted on C. fluminea (Wittmann et al. 2012a,b; 

Sheehan et al. 2014), none have been successful in providing substantial long-term 

management of these populations. However, through a series of laboratory 

experiments, this thesis has demonstrated that thermal shock, caused by an application 

of dry ice pellets (-78 °C: Chapter 7), could be used to kill tidally exposed C. fluminea, 

potentially making this method available for effective, rapid response control and 

possible eradication of C. fluminea populations. Further, although only tested as a 

possible spread-prevention tool in Chapter 6, dry ice may also be a viable option for 

control and eradication of mussel species such as D. polymorpha. 

In addition, I demonstrated that hot thermal shock treatments such as steam and 

open-flame burns can also cause substantial, if not complete mortality of C. fluminea 

populations (Chapters 8). Similarly, in Chapter 8, I also showed that these hot thermal 

shock treatments can deliver 100% mortality of mussel species such as D. polymorpha. 
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Further developing the concept of thermal shock treatments, in Chapter 9, I 

experimentally assess the effects of duel applications of both cold and hot thermal 

shock to control C. fluminea populations. In particular, it appears that cold thermal 

shock treatments followed by hot thermal applications of steam or high-intensity open-

flame burn, would likely be the most effective approach. Overall, when taken together, 

the results of Chapters 7, 8 & 9 demonstrated that thermal shock treatments can cause 

substantial C. fluminea mortality. Accordingly, I argue that dry-ice, steam spray or 

open-flame burn treatments can potentially be used for effective, rapid response, and 

substantial population control of invasive bivalve species found residing on exposed 

areas of river, lake, canal beds and other structures. However, multiple applications 

may be necessary for complete extermination to be achieved, and an in situ assessment 

of techniques under field conditions is needed to ascertain their effectiveness.  

 

10.6 Implementation of proposed control and eradication techniques 

Results presented within this thesis demonstrated that the application of thermal 

treatments can potentially be used for effective, rapid response and substantial 

population control of C. fluminea populations residing upon naturally and 

anthropogenically exposed river, lake and canal beds. In effect, I suggest that such 

treatments could form part of a suite of tools available for control of this and similar 

bivalve invaders. Although the control techniques presented within this thesis could 

allow for improved control of invasive bivalves, in a relatively user- and 

environmentally-friendly manner, implementation of bivalve control will not be 

performed by all water users. Rather, for legal and economic reasons, responsible 

agencies or consultant biosecurity practitioners should be charged with the provision 

of IAS control and eradication services. Importantly, the use of control and eradication 
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techniques proposed by this theis should only be attempted by appropriate 

management authorities (e.g. Inland Fisheries Ireland, Environmental Agency UK), 

under licence and with appropriately trained staff, in compliance with risk assessment 

and mitigation of risk as required by law for any such workplace activities. 

Overall, although promising, these laboratory results require up-scaling to field 

application, including examination of other substrate types, increased substrate depth, 

and greater bed densities of C. fluminea. Moreover, to increase overall treatment 

efficacy combined applications of different treatments should be further explored (e.g. 

combined cold and hot thermal shock over a greater temperature gradient) (Chapter 

8). Nevertheless, thermal treatments, especially dry ice and steam applications, are 

relatively more user- and environmentally-friendly methods of invasive bivalve 

control, and therefore, may more readily meet societal expectations in relation to 

reduced environmental impacts. However, the proposed thermal treatments remain 

costly, time consuming and labour intensive. As such, these techniques may not 

necessarily be the most cost-effective or practical approach for management 

authorities. However, the cost of inaction will also need to be considered (e.g. 

European Union fines on Member States for failing to control species of European 

Concern) (EU 2014). Overall, when considering the most appropriate management 

approach, it is recommended that the relevant authorities conduct a cost-benefit 

analysis of all available control and eradication options on a case-by-case basis.  

In addition, the proposed thermal shock treatments provide a means for killing 

invaders in situ at sites where they already reside, rather than requiring the relocation 

of biological waste material following treatment. However, a thorough assessment of 

residual treatment effects on non-target species, general biodiversity and ecological 

functioning, such as the impact of decomposition, is required. Similarly, direct effects 
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of thermal shock treatments will need to be further explored under, with consideration 

for potential impact on non-target organisms inhabiting bivalve beds.   

Although short-term negative impacts associated with invader eradication can 

potentially be outweighed by the long-term positive conservation benefits gained by 

removing damaging invaders (Wittmann et al. 2012b Woodford et al. 2013; Sheehan 

et al. 2014), and despite any apparent invader control or eradication success, prediction 

of a long-term population response to any management strategy can be challenging. 

Nevertheless, given the current paucity of effective, environmentally-friendly, rapid-

response invader eradication and control protocols, the apparent excellent potential of 

thermal shock treatments, especially open-flame burning, should be further explored. 

In particular, in situ assessments will be required to confirm the true effectiveness of 

thermal treatments, including improved determination of the long-term impacts 

associated with mass die-offs of bivalves on community structure and ecosystem 

functioning, such as the long-term effect of large pulses of nitrogen and increased 

oxygen stress, and the accumulation of large numbers of empty bivalve shells 

(McDowell & Sousa 2019). 

 

10.7 Experimental approaches for suppression and future research  

Through a series of laboratory experiments, this thesis has confirmed the 

efficacy of thermal shock treatments to kill bivalve species, especially C. fluminea 

under simulated field conditions Importantly, it is necessary to understand likely 

impacts of proposed suppression and eradication treatments before proceeding to an 

in-felid assessment. Therefore, although not completely representative of multifaceted 

field-scenarios, the results presented in this thesis have established a foundation from 

which a more in-depth assessment can be performed. In particular, prior to the 
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implementation of thesis research findings, additional research is required to further 

assess the effects of multiple in situ factors. For example, the efficacy of thermal shock 

treatments in relation to different substrate types, increased substrate depth, and greater 

C. fluminea population densities requires confirmation. Moreover, hot thermal shock 

treatments may not be suitable for certain inaccessible locations, such as deep muddy 

bank areas. Here, however, applications of dry ice may be beneficial, as dry ice has 

been observed to kill C. fluminea buried within gravel or mud, due to the freezing of 

their surrounding substrate, even when C. fluminea beds are submerged by water 

(Chapter 7). 

Currently, techniques such as mechanical dredging methods and the use benthic 

barriers (e.g. polyethylene and rubber), can achieve a short-term control of C. fluminea 

residing in deeper waters (Wittmann et al. 2012a,b; Sheehan et al. 2014). Although 

underwater flame torches can be obtained, deployment of such devices would likely 

be costly and labour-intensive. Therefore, further examination of dry ice, and potential 

delivery methods, to kill C. fluminea residing within deeper waters is required. Further, 

substrate in deeper water could be disturbed through dredging, prior to the application 

of dry ice, to enhance the efficacy of the cold thermal shock treatment. In addition, for 

the research presented in this thesis, I have only examined mortality rates of bivalves 

at 24 hrs post-exposure. Future research should also examine potential sub-lethal 

effects upon bivalves, which may not be killed during initial application of the 

treatment, whereby exposure to sub-lethal temperatures can cause increased levels of 

morbidity and subsequent mortality through activation of both behavioural and 

physiological responses (Perepelizin & Boltovskoy 2011; White et al. 2015). In 

addition, cost-benefit analysis will also be needed to ascertain the value of any 

investment in IAS control strategies (e.g. Booy et al. 2017). For example, at a 
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minimum 350 g of dry ice (see Chapter 7), an in situ application would require at least 

13,800 g m-2 of dry ice. At a conservative estimate of two euro per kilogramme of dry 

ice, a one metre application would cost 27.6 euro. Therefore when up-scaled, to field 

scenarios encompassing several thousand square meters, the financial cost of dry ice 

treatments may be highly prohibitive. 

Notably, open-flame treatments may be particularly effective for species which do not 

bury into substrate, such as mussel species. However, consideration will need to be 

given to mussel clustering and layering, whereby outer layers may shield underlying 

mussels. Additionally, thermal shock caused by open-flame treatments may potentially 

result in a degree of invertebrate drift and mortality of native species (Eriksen et al. 

2009; Kjærstad and Arnekleiv 2011). However, given the high levels of biological 

connectivity and species recolonization times associated with lotic systems (Yount and 

Niemi 1990; Caffrey et al. 2010; Wittmann et al. 2012a,b; Coughlan et al. 2017a), 

open-flame burning may be a suitable management tool that will be followed by rapid 

recovery. Nevertheless, field based research is required to confirm wider treatment 

effects. Yet, only long-term monitoring will truly reveal the impacts of any control 

methodology (Wittmann et al. 2012b). Additionally, the implications of killing only a 

relatively small portion of the overall population also needs to be considered prior to 

enacting management strategies. Although it can be beneficial to reduce the damage 

caused by an existing bivalve population, especially in commercial settings such as 

water extraction sites, possible control techniques need to be assessed for cost and 

effectiveness (Perepelizi & Boltovskoy 2011; Hyytiäinen et al. 2013; Booy et al. 

2017). Accordingly, the benefits from population control need to be greater than 

inaction (Hyytiäinen et al. 2013). This is especially important for optimal management 

of species such as C. fluminea, for which no successful method of population 
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eradication is currently known (Wittmann et al. 2012a,b; Hyytiäinen et al. 2013; 

Sheehan et al. 2014), particularly as relatively moderate populations of C. fluminea 

can in some cases have imperceptible ecological impacts within large riverine systems 

(Pereira et al. 2017). For example, it may be counter-productive to attempt substantial 

control or eradication actions if impacts are below a specified threshold (Hyytiäinen 

et al. 2013), or if subsequent habitat alteration, such as through the loss of non-target 

species, is likely to result in reinvasion of problematic species, especially if reinvasion 

is likely to occur at an escalated rate (Wittmann et al. 2012b). Similarly, even if 100% 

mortality can be achieved within a localised area, a high probability of reinvasion 

could make the invest of management actions effectively valueless (Wittmann et al. 

2012a,b; Hyytiäinen et al. 2013), other than in commercial settings where population 

reduction can lead to an immediately measurable benefit  (Perepelizin & Boltovskoy 

2011; Hyytiäinen et al. 2013). 

 

10.8 Concluding remarks 

In this thesis, I determined the efficacy of various chemical and thermal 

treatments to kill various aquatic IAS, and these results could be used to achieve 

improved spread-prevention of aquatic invaders. Especially as increasingly greater 

numbers of IAS continue arrive in new locations, with invader spread being considered 

unlikely to saturate in the near future (Seebens et al. 2018). Accordingly, biosecurity 

protocols that maximise prevention of further invader spread are an urgent priority to 

protect biodiversity in aquatic systems (Caffrey et al. 2014; Booy et al. 2017; Shannon 

et al. 2018). However, it needs to be emphasised that in situ testing of the techniques 

proposed by this thesis is still required, the methods examined do not yet translate into 

‘field ready’ protocols. Moreover, the legal status of some methods will need to be 
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considered relative to the jurisdiction in which they are to operate (e.g. 

Virasure®/Virkon® Aquatic as herb- or insecticides; e.g. Sebire et al. 2018). Results 

presented within this thesis suggest that the use of aquatic disinfectants (i.e. 

Virasure®/Virkon® Aquatic) alone will not facilitate optimal decontaminate of 

equipment, and therefore, will likely not satisfactorily curtail the spread of many 

invaders. In particular, the species-specific efficacy of commonly used disinfectants 

can vary. For example, although disinfectant solutions can cause 100% mortality of 

examined crustacean species, these solutions will not effectively kill fragmentary 

propagules of invasive macrophytes or invasive adult bivalves. However, relatively 

brief exposure to steam-spray has been observed to be especially efficacious at causing 

mortality of all macrophyte and invertebrate species assessed within this thesis. 

Therefore, it is argued that steam treatments could be used as both a user- and 

environmentally-friendly method of equipment decontamination, especially for large 

complex items, and niche, difficult to clean areas of equipment. This work may also 

have implications for the correct disposal of potentially viable invader biomass, such 

as layered clumps of plant material, which may harbour multiple potential propagules.  

Further, this thesis has examined applications of cold and hot thermal shock 

treatments as a mechanism for control, and possible eradication, of invasive bivalve 

species, especially C. fluminea. Overall, when taken together, results presented within 

Chapters 7, 8 & 9 demonstrate that thermal shock treatments caused by applications 

of dry ice, steam and open-flame burns can potentially be used for effective, rapid 

response control and eradication of low-water exposed bivalve populations, especially 

C. fluminea. In particular, disruption of substrate integrity and the combined 

applications of cold and hot thermal treatments appears to be especially efficacious. 

However, although the results presented throughout this thesis are highly promising, 
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further work in relation to in situ testing will be required to elucidate the effectiveness 

of proposed spread-prevention treatments to kill aquatic IAS, particularly given the 

species-specific variability of susceptibility to biosecurity treatments observed by this 

study. Similarly, further development of thermal shock treatments for control of IAS 

is required, especially to account for differences in the physical structure of habitats.  

Finally, experimental laboratory assessments such as those presented within this 

thesis provide empirical data that are vital for elucidating the efficacy of biosecurity 

protocols prior to field testing. Accordingly, the results of this thesis will contribute to 

the development of aquatics IAS management strategies designed to limit further 

invader spread. In addition, this thesis has highlighted innovative mechanisms for 

improved population control, if not eradication, of damaging invasive bivalve species. 

Overall, this work represents a realistic starting-point to be built upon with more in-

depth field assessments tailored to the unique requirements and challenges of different 

field sites.  
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