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Abstract 

Freshwater invasive species, especially invertebrates are an important environmental 

stressor associated with significant ecological and economic impacts particularly in the 

Great Lakes, one of the freshwater ecosystems with a significant number of invasive 

invertebrates compared to other taxa. Because of the importance that policy development 

and implantation play in managing invasive species for their effective prevention and 

spread, a policy analysis of the proposed Ontario’s Bill 37 (“An Act respecting Invasive 

Species”) was conducted based on an extensive literature review, the interview 

responses with provincial government officials, and the results from the constructed non-

native species checklist. A total of 46 species were identified as having a high impact on 

the environment, according to the literature, among 409 species identified as recorded as 

non-native anywhere including native species to North America.  Research attention 

seems to have been concentrated on high impact species despite they only represent 

11.2% of the total species as well as on their main associated pathways, such as the 

ballast water and sediment of transoceanic and domestic ships in the Great Lakes. 

Particularly, research efforts are concentrated on only 16 invasive species, which are 

already established in the Great Lakes. Almost half of the high-impact species identified 

have not yet been introduced into Ontario’s freshwater ecosystems, representing a 

potential threat. Therefore, the implementation of Ontario’s Bill 37 is crucial for the 

effective prevention of the introduction and spread of invasive species in Ontario, 

particularly for aquatic invertebrates, however there are issues that need to be addressed 

before the implementation of the proposed legislation.  
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1 Introduction 

Invasive species are those considered to have an overall negative effect on the 

environment (Ricciardi & Cohen, 2007). They are also known as non-indigenous, non-

native, exotic, alien, or introduced species.  Because the rate of species introductions 

outside their native environment has increased significantly in the last 60 years, mainly 

as a result of human activities, invasion biology has become an important and growing 

research field worldwide (Azemar et al., 2007; Lucy & Panov, 2014). In turn, this science 

is used in support of policy and regulatory efforts to mitigate the extent and effects of 

invasive species on the environment (Frazier et al., 2013), so the scientific community 

has emerged and now plays an essential role in contributing to solving the complex 

environmental issue of invasive species (Simberloff et al., 2005).  

Freshwater invasive species, especially invertebrates (e.g. the zebra mussel, the spiny 

water flea, the Chinese mystery snail, etc.) are an important environmental stressor 

associated with significant ecological and economic impacts worldwide (Frazier et al., 

2013; Griffiths et al., 2013; Mack et al., 2000). Particularly, Northeastern North America, 

(Kerr et al., 2005), is predicted to be one of the three places on earth at higher risk of 

invasion by aquatic invertebrates in the near future because of predicted temperature and 

salinity changes associated with climate change (Bellard et al., 2013; Verbrugge et al, 

2012). In fact, the number of established non-native species in the Great Lakes has 

increased significantly since the 1840s causing major damage to the world’s largest 

freshwater system (Ricciardi, 2006).   
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Since the opening of the St. Lawrence River Seaway, the opportunities for the introduction 

and establishment of non-native freshwater organisms in the Great Lakes has increased 

significantly (Hebert et al., 1989). For example, zebra mussel (Dreissena polymorpha), 

one of the most famous and successful freshwater invasive species in North America 

(Hebert et al., 1989; MacIsaac, 1996), was unintentionally introduced into Lake Erie and 

Lake Ontario, in the late 1980s via ballast water exchange of ships coming from Europe 

(Carlton, 2008; D. F. Reid & Wilkinson, 2013). Therefore, ballast water is one of the most 

important pathways for the introduction of invasive aquatic invertebrates (Frazier et al., 

2013), and subsequently the most regulated vector by the Federal Government (Bailey 

et al., 2011; Smith et al., 2014).  

While ballast water receives perhaps the most attention, at least 16 major pathways or 

vectors have been associated with the introduction of freshwater non-native invertebrates 

in North America (Reaser, 2003), including angling activities, invasive by-catch and live-

bait (Drake & Mandrak, 2014), recreational activities (Stasko et al., 2012), and the 

opening of canals and waterways (Rodríguez & Suárez, 2001). Unintentional pathways 

(natural and anthropogenic) also play an important role in dispersing non-native aquatic 

invertebrates once they have been introduced to the region (Aguas et al., 2014; Johnson 

& Carlton, 1996; Sánchez et al., 2012), making the prevention and control of aquatic 

invasive invertebrates a very challenging task to the government. 

Despite federal and provincial government policies intended to regulate invasion 

pathways (Smith et al., 2014), zebra mussels for example (DAISIE, 2003; Hulme et al., 

2009; D. F. Reid & Wilkinson, 2013; Vander Zanden & Olden, 2008) have been able to 
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spread across Ontario (Sturtevant & Reid, 2008) and to neighboring jurisdictions (e.g. 

Lake Winnipeg; Government of Manitoba, 2013). Only one species, the zebra mussel, of 

the total 63 non-native freshwater invertebrates in the Great Lakes (Sturtevant & Reid, 

2008), has been responsible for the complete disappearance of native mussels in North 

America in places where its density exceeds 3000 individuals per cubic meter (Ricciardi 

et al., 1998). Zebra mussels have cost power producers about $6.4 million Canadian 

(CDN) per year in additional control and operating expenses  (Colautti et al., 2006a), and 

is estimated to remove up to 91 million Canadian (CDN) per year to the provincial 

economy (Sophie Kiwala, personal communication), which usually excludes the cost 

associated with damage to biodiversity (Colautti et al., 2006a). 

Legislation and strong public education are essential for the prevention of the introduction 

of invasive species, as well as control of their spread throughout the environment 

(Simberloff et al., 2013). In 1992, the Ministry of Natural Resources (OMNR) in 

partnership with the Ontario Federation of Anglers and Hunters (OFAH) delivered the 

province-wide Invading Species Awareness Program (ISAP), as a measure to educate 

anglers and boaters about invasive species, their impacts, and pathways for their 

introduction and spread (Boudreau & Yan, 2004). A year later, Canada’s federal 

government created and implemented mandatory ballast water regulations in order to 

prevent the introduction of non-native freshwater species into the Great Lakes via 

transoceanic vessels (Bailey et al., 2011). Because of the still growing problem of invasive 

species in Ontario (Ricciardi, 2006) the provincial government created the Invasive 

Species Strategic Plan in 2012, almost 10 years after implementation of federal 

regulations. However, the province was still lacking the legal power to fight invasive 
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species, and some policy gaps still need to be addressed (Smith et al., 2014; Kerr, 2005). 

This triggered the introduction of the first proposed invasive species’ legislation in Canada 

Ontario’s Bill 37 (An Act respecting Invasive Species) (Marketwire, Nov 5, 2014; 

Fergusons, Nov 5, 2014).  

It is clear that government policies play a critical role in effectively preventing the 

introduction and spread of invasive species (Simberloff et al., 2005; Simberloff et al., 

2013; Smith et al., 2014; Kerr, et al., 2005). It is also clear that research is necessary to 

support good policy development (Brunner et al., 2005). At the current time, Ontario is 

seeing an increased rate of introductions of aquatic invertebrates in Ontario compared to 

fish species. This project is designed to assess the proposed Ontario Bill 37, based on 

the current state of knowledge about freshwater non-native invertebrates, and opinions 

from provincial government officials. 

Objectives 

1. What are the scientific objectives used to build the Ontario Bill 37 that need to be changed 

to better prevent the introduction and spread of invasive freshwater invertebrates in 

Ontario. 

2. To provide the Ontario government with a comprehensive list of freshwater invertebrate 

species that may pose a high risk to Ontario, with special attention to those of high-impact 

to the environment. 

3. To make policy recommendations in order to improve the proposed legislation, and the 

future management of invasive aquatic invertebrates in Ontario.  
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2 Literature review 

2.1 Freshwater Invasive Invertebrates 

2.1.1 Defining invasive species 

There are many definitions for species that have been found outside their native habitat, 

including non-native, non-indigenous, alien, and exotic. “Invasive” has been the most 

widely used terminology in the literature for species that have a negative impact on the 

environment, and government documents (Ricciardi & Cohen, 2007), including the 

Ontario’s Invasive Species Act (Bill 37, 2014). Even species that are native to a country 

or continent could be considered invasive to a region within them. These species are 

known as native transplants, and could represent a large percentage of the total non-

native freshwater species recorded in a country (e.g. United States; Bobeldyk et al., 2015). 

Moreover, many European native species recorded as “alien” within Europe, including the 

crayfish species Austropotamobius pallipes and Astacus astacus, and the mussel 

Hypanis (Monodacna) colorata (Hulme et al., 2009) are considered vulnerable, 

endangered, or at risk in their native habitat. Moreover, the invasive crayfish Astacus 

astacus, is also considered a key stone species in their non-native habitat, and very much 

well protected (e.g. Sweden; Gherardi et al., 2009), while in other regions, it is a “plague” 

(e.g. A. astacus is listed as a pest in the United Kingdom under the Wildlife and 

Countryside Act; Haenfling et al., 2011). Therefore, predicting the invasiveness or impact 

of non-native species on the ecosystem is a challenging and complex process because 
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there is no direct relationship between the species’ effect on the environment and the 

mechanisms they use to spread and established (Ricciardi & Cohen, 2007).  

2.1.2 Current situation  

Currently, there are hundreds of aquatic non-native species recorded in most continents, 

particularly in North America (Sturtevant & Reid, 2008; USGS, 2014) and Europe (Hulme 

et al., 2009). The rate of species introduction has increased significantly overtime 

especially after the 1950s because of increased human activities (Minchin, 2007b; 

Ricciardi, 2006). This trend is expected to continue in the future, in fact, it is predicted that 

a significant increase in the distribution of aquatic and terrestrial invertebrates will occur, 

particularly in North America because of climate change (Bellard et al., 2013; Capinha et 

al., 2013). Also the cumulative effect of non-native species is expected to increase the 

vulnerability of aquatic ecosystems to be colonized by non-native species (Ricciardi, 

2001). In Europe the most common alien species are terrestrial invertebrates, and plants, 

with invertebrates having a higher impact on the economy than on the ecosystem (Vilà et 

al., 2010).  

In the Laurentian Great Lakes the number of recorded non-native aquatic invertebrates 

has increased through time (Mills et al. 1993), becoming the most abundant group of 

species since the 1960s, particularly crustaceans (1994-2003) and molluscs (1960-1989) 

(Ricciardi, 2006) (Figure 1). The most problematic invasive species are those native to 

the Ponto-Caspian basin; these species tend to have a wide tolerance to environmental 

conditions including salinity, which has enabled them to successfully overcome 

geographic barriers such as the Atlantic Ocean through the ballast water of transoceanic 

ship (Timm, 2013).  
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Figure 1. Percentage of recorded non-native aquatic invertebrates and fish species in Canada 
and the USA. Lake Superior (Minessota Sea Grant, July 31, 2014) 

 

In the United States, the number of recorded invasive aquatic invertebrates is almost 

double the number of fish since 2010 (Bobeldyk et al., 2015), particularly in freshwater 

ecosystem (USGS, 2015). Research efforts historically have concentrated mainly on fish 

species (Gherardi, 2007). Therefore, increased research efforts on aquatic invertebrates 

besides zebra mussel, is particularly crucial to prevent future introductions and spread 

(Steinberg et al., 2007). 

2.1.3 Environmental and Economic Impact 

According to Pagnucco et al. (2015), only six aquatic invasive species recorded as 

established in the Great Lakes have a significant impact at the ecosystem level including 

zebra mussel (D. polyorpha), quagga mussel (D. buggensis), the spiny water flea (B. 
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longimanus), the fish-hook water flea (C. pengoi), and the amphipod (E. ischnus), all of 

them of Ponto-Caspian origin. Particularly, Ponto-Caspian invasive mussels have been 

observed to have a significant environmental impact on European inland aquatic 

ecosystems, altering substantially the water transparency, the benthic substrate, and the 

composition of the plankton community because of their high filtering capacity (Ojaveer 

et al., 2002), and their excessive consumption of resources previously used by other 

species (Ackerman, 1999; Ackerman et al., 2001). Similar effects have been reported for 

reservoirs of the Danube River basin with high water transparency and high abundance 

of D. polymorpha, D. bugensis, as well as others like the invasive jellyfish Craspedacusta 

sowerbii (Trichkova et al., 2013).  

In North America, biofouling associated with D. polymorpha has been responsible for the 

extinction on many native species, causing the death of hundreds of mussels (Tiemann 

& Cummings, 2010) such as Potamilus alatus, Leptodea fragilis, Pyganodon grandis 

(Picard et al., 2009), and Lithasia geniculate (Tiemann & Cummings, 2010). On the other 

hand, many other invasive freshwater invertebrates such as mollusks and crustaceans 

pose a health risk to native animal species including humans, when they act as a host to 

pathogens (Rodríguez & Suárez, 2001; Schrimpf et al., 2013). For example, Biomphalaria 

straminea and Lymnaea (Pseudosuccina) columella are important invasive freshwater 

gastropod, vectors for the transmission of the human pathogen Schistosomiasis (Thiengo 

et al., 2005). The introduction of parasite copepods to the Great Lakes is an increasing 

issue (Hudson & Bowen, 2002) not only because they pose a threat to native species but 

also because they might increase the host opportunities for native parasites (Emde et al., 

2012). Invasive fish may also host invasive parasites recorded in the Great Lakes, 
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including the trematode Centrocestus formosanus (Lee & Gordon, 2006), the 

monogeneans of the genus Dactylogyrus (Cone et al., 1994; El-Naggar & Kearn, 1983; 

Šimková et al., 2004), and the European flatworm Dugesia polychroa (Mills et al., 1993; 

Veraldi et al., 2011).  

Invasive species can also have a significant impact on the economy. In particular, the 

economic impact of freshwater invertebrates is considered to be greater compared to the 

impact of fish species (Yamada, 2004). The cost of the zebra mussels was estimated to 

be around $6.4 million Canadian (CDN) per year (Colautti et al., 2006a) and up to 91 

million Canadian (CDN) per year to the Ontario’s economy (Sophie Kiwala, personal 

communication); but they could also influence personal finances by affecting the property 

value of residences (Horsch & Lewis, 2009). Moreover, invasive species are not only 

costly to developed countries which have more economic resources to deal with the 

problem, they can be even devastating for developing economies when species affect 

sectors such as agriculture (Vitousek et al., 1997). 

2.2 Pathways and factors influencing the introduction and the spread  

Pathways for the introduction and spread of invasive species include intentional and 

unintentional release of a species in the natural environment. Intentional introductions are 

mainly a result of anthropogenic activities (Wittenberg & Cock, 2001; Colautti et al., 

2006b) such as the deliberate release of species from aquariums (Kerr et al., 2005). 

However, unintentional introductions are a consequence of both human activities and 

natural processes. For example, aquatic species contained in the ballast water of ships 

are accidentally transported through the intake of water directly from aquatic ecosystem 
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(Grigorovich et al., 2003a). At least 16 human-mediated pathways have been identified 

as responsible for the introduction and spread of non-native species in North America 

(Reaser, 2003), the majority of which may be seen as unintentional (Ricciardi, 2006; 

Yamada, 2004). Therefore, it is crucial to have a clear understanding of dispersal 

mechanisms for invasive species in order to prevent their transport (Havel, 2011). 

Generally, unintentional pathways, specially shipping activities, the construction of canals, 

and the aquarium trade are amongst the main anthropogenic pathways for introducing 

invasive invertebrates into the Great Lakes (Kerr et al., 2005; Pagnucco et al., 2015; 

Ricciardi, 2006). A similar situation has been reported in Ireland where, the ornamental 

trade, vessels, aquaculture, fisheries, recreational boating, fishing are the main vectors 

for the introduction of invasive species (Minchin, 2007b). Even military activities have 

contributed to the introduction and spread of zooplankton such as D. parvula, whose 

resting eggs have been transported from North America to Europe by amphibian 

equipment (Panov et al, 2004). In the United States, pathways for many aquatic 

introduced species remain unknown; however fish stocking, the aquarium and ornamental 

trade, live bait, and aquaculture, are the most common known pathways, while others like 

shipping and research activities are among the least frequent (USGS, 2015).  

 

 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 15 of 136 
 

2.2.1 Anthropogenic pathways 

“Invasive Alien Species are a by-product of human values, beliefs, and behaviors”  

(Reaser, 2003) 

2.2.1.1 Shipping: ballast water of ships, no ballast on board ships (NOBOB), 

Hull fouling 

Globally, shipping is one of the main pathways for introducing and spreading aquatic non-

native species (Albert et al., 2013; Drake & Lodge, 2007a; Gray et al., 2006; Grigorovich 

et al., 2003a; Locke et al., 1993; Reavie et al., 2010; Santagata et al., 2009). It is 

responsible for the introduction of 40% of all non-native species recorded in the Great 

Lakes and the St. Lawrence basins (Pagnucco et al., 2015; Ricciardi, 2006), especially 

invertebrates through the ballast water of transoceanic ships (Bailey et al., 2012; Bailey 

et al., 2011; Briski et al., 2012; Grigorovich et al., 2003a). Ships with no ballast on board 

(NOBOB) may pose a higher risk to the Great Lakes because they account for almost 

90% of the vessels entering the area, and they are also responsible for introducing non-

native invertebrates in residual sediment and water (Duggan et al., 2005). In addition, hull 

fouling is a pathway as important as ballast mediated introductions (Drake & Lodge, 

2007b).  

Even though mid-ocean ballast water exchange is an effective way for preventing the 

introduction of aquatic non-native species in the Great Lakes (Bailey et al., 2011; Drake 

& Lodge, 2007b), regional shipping activities are considered the main pathway for 
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spreading native and introduced species  (Azemar et al., 2007). According to Locke et al. 

(1993) most of the living invertebrate species in the ballast water of ships entering the 

Great Lakes are native. In addition, at least 3.9-7% of the zooplankton species (200-1000 

species) contained in the ballast water and sediment of ships entering the Great Lakes 

are not known from this area (Drake & Lodge, 2007b). Therefore, the capacity of shipping, 

specifically domestic activities, for transporting non-native and native species throughout 

the Great Lakes basin is considerably higher in comparison to the risk posed by 

transoceanic shipping (Briski et al., 2012).  

According to Duggan et al. (2005), copepods is the most abundant taxonomic group 

contained in residual ballast sediment and water of ships with no ballast on board entering 

the Great Lakes, while nematodes are most abundant in sediment samples.  In fact, only 

18 % the species identified in the ballast water and sediment of ships entering the Great 

Lakes, between 2000 and 2002, were non-native, most of them arthropods, particularly 

copepods, (Drake & Lodge, 2007b). Also, resting eggs are transported by shipping 

activities; however, the successful introduction of a non-native species through resting 

eggs depend on their viability and survival in their new environment, which highly differ 

between species according to laboratory experiments (Briski et al., 2011). 

2.2.1.2 Recreational activities (boating, canoeing, fishing) 

Recreational boating contributes substantially to the transport and dispersal of aquatic 

invasive species specially invertebrates and plant species because according to 

(Rothlisberger et al., 2010) at least 68% of boaters do not wash their boat when traveling 

between waterways, while 27% do not even remove visible plants. In addition, 
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recreational boating plays a role in long distance dispersal. According to a survey 

conducted in the UK by (Anderson et al., 2014), at least 99% of anglers using their 

equipment outside the country do not clean it after use, increasing the risk of introduction 

for aquatic species tolerant to air exposure. They also found a similar behavior in 

canoeists. 

Canoeing activities in lakes during the open-water season can effectively spread native 

and invasive crustacean-zooplankton (Stasko et al., 2012). In fact, canoeist are 

considered to pose a high biosecurity risk to countries like the UK compared to the risk 

posed by anglers when introducing aquatic invasive invertebrates, including pathogens 

(Anderson et al., 2014). Furthermore, canoes, as well as other recreational equipment 

are responsible for introducing the invasive Dikerogammarus villosus in high altitude 

lakes (Alps); because of its capability to remain attached to wetsuits even after shaking 

them for five minutes, and to survive air exposure for up to 3.5 days (Bacela-Spychalska 

et al., 2013).  

2.2.1.3 Motor vehicles and their parts. 

According to a research conducted by Banha et al. (2014), off-road vehicles moving 

through shallow waterbodies, can successfully disperse 30% and 90% of individuals of 

the crayfish P. clarkii and of the snail P. acuta respectively, contained in attached mud for 

distances up to a 100 km. They also found that the probability of dispersal for both species 

was higher within distances of 10-30 km, with P. clarkii having a higher probability of 

survival after a 270 km ride at 90 km/hour compared to P. acuta.  Therefore, they 

concluded that overland transport is also an important pathway for the dispersal of aquatic 
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species to take into consideration when managing invasive freshwater invertebrates such 

as crayfish and gastropods. 

2.2.1.4 Live Bait 

Live bait is another important vector for introducing invasive species (Anderson et al., 

2014; Kerr et al., 2005; Kilian et al., 2012). According to a report by Ward (2011), about 

90% of Ontario’s anglers, use live baits and 51% dump unwanted baitfish into the natural 

environment. According to a survey of 72 bait shops in Maryland, United States, the most 

common bait species are worms, fish and crayfish (Kilian et al., 2012), which are dumped 

into the water by 65-69% of anglers after fishing. A similar situation happens in the UK. 

Anderson et al. (2014) reported that live bait containing invertebrates such as maggots, 

earthworms and leeches are mainly taken from site to site, dumped into the water or 

frozen, while live bait fish are dump into the water in most cases. 

2.2.1.5 Aquarium trade 

The aquarium and ornamental trade is a major vector for introducing non-native aquatic 

invertebrates (Duggan, 2010), including pathogens (Chucholl, 2013). The risk of 

introducing non-native invertebrates through in-store and online purchases of aquarium 

species is significantly greater (Chucholl, 2013; Faulkes, 2010; Taylor et al., 2007), 

compared to fish (e.g. less than one fish per person each year is introduced into the wild) 

(Strecker et al., 2011). In fact, this pathway is considered the main vector for introducing 

freshwater invertebrates in Texas (Karatayev et al., 2009). 
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According to a research by Duggan (2010), copepods, ostracods, cladocerans, mollusks, 

mites, flatworms and nematodes are the main invertebrate taxa found in New Zealand 

domestic aquariums, where aquarium contents (and associated invertebrates) are often 

disposed of down the sink, in water storm drainage, on gardens, and in outside ponds. 

However, mollusks and crustaceans (crayfish) are more likely to be introduced and 

successfully established into the natural environment through the aquarium trade 

(Chucholl, 2013; Duggan et al., 2006). In fact, in countries like South Africa, the aquarium 

trade has been responsible for the introduction of at least 10 gastropod species including 

the invasive Aplexa marmorata, Biomphalaria glabrata, Gyraulus chinensis, Tarebia 

granifera (Appleton & Miranda, 2015; Appleton, 2003; Dana & Appleton, 2007; Miranda 

et al., 2010), species that have not yet been reported in Ontario. The mystery snail 

(Viviparus georgianus), an invasive gastropod was introduced and successfully 

established in the Great Lakes as a result of deliberate introduction through the aquarium 

trade (Mills et al., 1993) despite its subtropical origin (southern USA and Mexico). In 

addition, another non-native gastropod, Lymnaea (Radix) auricularia rubiginosa that 

established in the Great Lakes was also introduced from the aquarium trade and 

aquaculture facilities in South Africa (Appleton & Miranda, 2015).  

Crayfish are highly popular in the European aquarium trade, particularly species native to 

North America (Chucholl, 2013; Faulkes, 2010). In fact, of at least 27 crayfish species 

marketed in the aquarium trade in the Czech Republic, Astacus astacus is the only native 

species (Patoka et al., 2014) but at the same time a non-native to other European 

countries  (Hulme et al., 2009). In Germany, 87% of the aquarium crayfish species are 

from North and South America, a number that increases at a rate of seven new species 
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per year, with species of bigger size, higher price, and frequently available having more 

chances of being introduced and successfully established into the natural environment 

than those of smaller size (Chucholl, 2013). Interestingly, this relationship between size 

and popularity, and the probability of a species to be introduced, has been also reported 

for aquarium fish species as well (Duggan et al., 2006). However, there is still a lack of 

knowledge about species that might be introduced unintentionally through the aquarium 

trade (Duggan, 2010). 

Life history characteristics of some species also contribute to unintentional introductions 

through the aquarium trade. For example, Marmorkrebs or Marble Crayfish (Procambarus 

fallax f. virginalis), is a recent invasive freshwater crayfish native to the United States, 

which is very popular and expensive in the aquarium pet trade because it does not need 

a mate to reproduce (Chucholl, 2013). Because of its capability of parthenogenetic 

reproduction, it is also very popular for research purposes by producing offspring 

genetically identical (Martin et al., 2007).  Unfortunately, this species has already been 

introduced through the aquarium trade and recorded as invasive in Europe (Chucholl et 

al., 2012). It is also currently available at online stores and kept as a pet across eastern 

and western North America, including Ontario and British Columbia (Faulkes, 2010). 

Therefore, the opportunity to make online purchases through several websites, besides 

the increase accessibility to the internet is increasing the risk for introduction of non-native 

species (Taylor et al., 2007), and in particular for popular aquatic invertebrates such as 

crayfish (Chucholl, 2013; Faulkes, 2010; Jones et al., 2009; Kawai et al., 2009). 
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2.2.1.6 Aquaculture 

The fisheries and aquaculture industry has contributed to the introduction of 1229 non-

native species worldwide, and so it is considered a leading pathway (Yamada, 2004) that 

started almost three centuries ago with the transport and cultivation of oysters (Minchin, 

2007a). It is also a much important pathway in the United States compared to shipping, 

not only because of the accidentally introduction of species through the discharge of food 

packaging, but also through the intentional release of non-native species into the natural 

environment with the purpose of propagation, and the high number of aquaculture 

facilities (Cowie, 2000).  

2.2.1.7 Construction of reservoirs and waterways 

The construction of canals has contributed significantly to the transport of invasive 

species within a continent (Haenfling et al., 2011), and between oceans such as the 

Panama Canal (Rodríguez & Suárez, 2001). In fact, many of today’s invasive Ponto-

Caspian Sea species may have been first dispersed throughout Europe via canals 

constructed in the 19th century (Milbrink, 2014). In North America, canals are also 

important pathways for dispersing freshwater species, particularly invertebrates (Reaser, 

2003). In Ontario, two major canals that have a crucial role in dispersing non-native 

species are the Rideau Canal and the Trent-Severn Canal, by connecting the Great Lakes 

with inland waterbodies (Kerr et al., 2005).       

Moreover, the construction of reservoirs has increased colonization of non-native species 

because of the physical disturbance of the landscape (Havel et al., 2005), and the creation 
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of new aquatic environments. For example, some recently reported non-native species of 

copepods have been found inhabiting artificially created water bodies with no stable 

communities, such as a quarry filled with rainwater (Anufriieva et al., 2014). Non-

indigenous ostracods in the Iberian Peninsula, Isocypris beauchampi and Cypris 

subglobosa, are usually found reservoirs, as well as lakes and rice fields (García-Berthou 

et al., 2007). The Australian calanoid copepod Boeckella symmetrica is a common non-

native to New Zealand with establish populations in constructed reservoirs (Duggan et al., 

2006); and the non-native to the Great Lakes Branchiura sowerbyi can be found in 12 

reservoirs of the Danube River Basin (Trichkova et al., 2013).  

2.2.1.8 Research, educational activities, and biocontrol 

Researchers may also be a vector for the introduction and spread of invasive species, 

while doing fieldwork. Viable resting eggs (e.g. the invasive Daphnia curvirostris) and 

other non-natives (D. magna) have be transported with the sediment attached to boots, 

and tires in Camargue region, France (Waterkeyn et al., 2010). It is also a pathway 

responsible for the 0.43% of the exotic species introductions in the United States (USGS, 

2015). Microcrustaceans, platyhelmintes, protists, ostracods, and artemia are among the 

organisms that have been found in residual sediment attached to boots and car tires 

(Waterkeyn et al., 2010). 

Daphnia magna, a cryptogenic species that is native to the Great Lakes and wide spread 

in Europe and Japan, is commonly used in laboratory experiments around the world 

(Barrios-O'Neill et al., 2014; Fisher et al., 2014), and also found in many different vectors 

(e.g. transoceanic ships; Duggan et al., 2005; Johengen et al., 2005). Important invasive 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 23 of 136 
 

species are also introduced for research purposes including the snail Biomphalaria 

glabrata in South Africa, also host of the human parasite, the trematode Schistosoma 

mansoni (Appleton, 2003; Weir & Salice, 2012), the apple snail Pomacea canaliculata in 

the USA (USDA, 2015), and the North American Marble Crayfish or Marmorkrebs in 

Europe (e.g. Germany; Martin et al., 2007). Moreover, educational activities are an 

important pathway for introducing aquatic species in North America (Reaser, 2003). 

According to research conducted in British Columbia by (Gartner et al., 2011), non-native 

living organisms used in classrooms are introduced into the natural environment because 

there are no protocols for their proper handling and disposal, and most of the time 

students take them home or they are simply released into the wild. Therefore, they 

concluded that there is a need for regulating the disposal of organisms used for 

educational purpose. 

2.2.2 Natural pathways 

Surprisingly, natural pathways play a crucial role in dispersing zooplankton species (e.g. 

in George Lake, Ontario; Stasko et al., 2012), In fact, natural vectors are seen as the 

main contributors to the introduction and spread of alien species in Ireland (Minchin, 

2007b). Birds can transport aquatic invertebrate resting eggs long distances, contributing 

to the colonization of remote areas (Zinevici et al., 2011) such as isolated lakes including 

Lake Titicaca (e.g. the invasive Physella acuta; Albrecht et al., 2009) and Alpine lakes 

(e.g. the invasive Dikerogammarus villosus; Bacela-Spychalska et al., 2013). In addition, 

parasite species such as Platyhelminthes are typically introduced through their host, 
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which are more abundant in snail species followed by crustaceans such as crayfish 

species, as well as birds (Minchin, 2007a).  

Some taxa have natural dispersal capabilities which make them successful colonizers 

and invaders, such as amphipods (Usjak, 2010), snails, and mussels (Kappes & Haase, 

2012).  For example, the invasive New Zealand Mud Snail is capable of surviving passage 

through the digestive system of fish species like flounder (Platichthys flesus), perch 

(Perca flavescens), and salmon (Oncorhynchus tshawytscha) (Leclair & Cheng, 2011). 

In addition, the snails and mussels’ larval or parasitic stage can travel very long distances 

attached to their host such as birds, fishes, and large insects (Kappes & Haase, 2012) 

because of their capacity to survive for days out of the water (Havel et al., 2014). Some 

snails are able to travel upstream at a speed of 26 to 57 meters per day (Snider & Gilliam, 

2008), although anthropogenic activities are considered the most effective dispersal 

mechanisms for mollusks (Kappes & Haase, 2012). 

Some species introductions are wildlife mediated, such as birds (Aguas et al., 2014). 

According to (Brinkhurst, 1978) which could explain the non-native distribution of certain 

species in isolated environments. For example, the presence of some Oligochaete 

species with a worldwide distribution, in North American watersheds that are not 

interconnected is mainly the result of natural processes (Brinkhurst, 1978). In fact, the 

presence of P. heuscheri in Lake Tiberias in Israel is attributed to the migration of wading 

birds between East and South Africa (Milbrink, 2014). Moreover, wildlife can also 

transport resting eggs of species such as the well-distributed rotifer Brachionus plicatilis 
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increasing its capabilities for long distant dispersal even between continents (Gómez et 

al., 2002). 

2.3 Factors influencing a successful species’ establishment 

“The wide tolerance of invasive species to environmental conditions is their key for 

success in their new environment”  

(Locke et al., 1991). 

2.3.1 Species’ biology and ecology 

Resistance to desiccation is an important factor influencing the introduction and dispersal 

of aquatic invertebrates such as snails and bivalves (Havel et al., 2014) making them 

more successful dispersers through the ability to use different pathways (Van Leeuwen 

et al., 2013). In fact, the success of the Ponto-Caspian species recorded as invasive in 

Saratov Reservoir is a result of their capability of surviving extreme environmental 

conditions (Eurybiont) (Zinchenko & Kurina, 2011).  

Certainly, how species reproduce could be an advantage or disadvantage for certain non-

native species to become established in their new environment. For instance, the success 

of the introduced Marmorkrebs species in many countries has been associated with the 

fact that they are parthenogenetic and have high reproductive rate (Martin et al., 2007). 

According to (Locke et al., 1991) the taxa with the higher probability of becoming invasive 

in the Great Lakes; because of their reproductive strategies (asexual reproduction and 

resting eggs) are Turbellaria, Oligochaete, Cladocera, Rotifera, Bryozoa and Tardigrada, 
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Calanoida, Cyclopoida and Harpacticida. In fact, the production of resistant resting eggs 

by aquatic organisms makes them more successful dispersers and invaders (Incagnone 

et al., 2014). 

2.3.2 The presence of other invasive  

Already invaded and disturbed ecosystems might be more susceptible to invasive species. 

The accumulation of species in the ecosystem could increase its risk of invasion by other 

non-native species (Ricciardi, 2001). For example, species such as the Ponto–Caspian 

“Killer shrimp” Dikerogammarus villosus, a potential high-risk species to the Great Lakes 

(Pagnucco et al. 2015) is also invasive to the Rhine River in Europe where is found 

cohabiting with other three invasive Ponto Caspian amphipod species, Corophium 

curvispinum, Echinogammarus trichiatus, and Orchestia cavimana (Emde et al., 2012). 

The alien European Gyraulus albus, a native species of mollusk to Europe, is usually 

found cohabiting with the invasive Ferrissia fragilis, Anodonta anatina, Radix auricularia, 

and Bithynia tentaculata in the Czech Republic (Beran & Horsák, 2007). On the contrary, 

the presence of invasive species in massive numbers could also prevent the 

establishment of species of non-native taxa. Some native mussel species introduced to 

inland lakes in Ontario have generally failed to establish because of the dominant 

presence of the invasive zebra mussel (Picard et al., 2009). 

2.3.3 Abiotic factors 

Local environmental conditions are important for determining the successful spread and 

establishment of introduced zooplankton species compared to anthropogenic dispersal 
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(e.g. canoeing; Stasko et al., 2012).  Some ecosystems might just be more suitable for 

most species so invasives take advantage of those, while those with harsher conditions 

might be also susceptible to invaders with a wider tolerance to factors such as salinity, 

temperature or pollution. For example, the Great Lakes region is considered the number 

one North American “hot spot” for invasive aquatic invertebrates (Bobeldyk et al., 2015; 

Vander Zanden et al., 2011).  In fact, in the Great Lakes basin the number of invasive 

aquatic invertebrates is higher than that of invasive fish species (Ricciardi, 2006; 

Sturtevant & Reid, 2008; Veraldi et al., 2011) while in the United States the number of 

freshwater invasive species is the highest compared to marine and terrestrial ecosystems 

(USGS, 2015). On the other hand, Lake Superior, have been significantly less suitable 

for invasive species in general compared to the other Great Lakes in part because of 

temperature limitations (Grigorovich et al., 2003b). 

Many invasive species possess a broad environmental tolerance to factors such as 

temperature (e.g. Procambarus clarkii, one of the worst invasive species; Gallardo, 2014) 

and salinity (Leclair & Cheng, 2011b; Ricciardi, 2015) which may facilitate their 

establishment. In fact, it is believed that the distribution of species such as the invasive 

D. villosus in alpine lakes is more associated with high boat traffic and not influenced by 

pH and conductivity in lakes (Bacela‐Spychalska et al., 2013). Similarly, the abundance 

and distribution of the invasive cladoceran B. longimanus in Ontario’s inland lakes is not 

affected by the decline in calcium concentrations (Kim et al., 2012).  Therefore, abiotic 

factors are not sufficient for predicting the distributions of some invasive species. 

According to (Santagata et al., 2009) the species’ tolerance to salinity is not sufficient to 

predict species distribution (Fenchel, 1975), compared to limiting factors such as 
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temperature tolerance and geographic location (Gallardo, 2014). In part, according to 

Drake & Lodge (2007b) there is still a lack of knowledge about the probability of marine 

non-native species to survive ballast water treatment and to become established in 

freshwater ecosystems. Alternatively, results from research suggest that many freshwater 

zooplankton species are tolerant to changes in salinity and able to survive mid-ocean 

ballast water exchange, (Locke et al., 1993; Santagata et al., 2009). In fact, freshwater 

invertebrate species like decapods and gastropods are capable of surviving salinity 

exposures between 50 and 100 ppt (Santagata et al., 2009).  

 

Although many euryhaline species have invaded the Great Lakes, different temperature 

within the region could limit the success of some invasive species (e.g. Lake Superior; 

Grigorovich et al., 2003b). For example Daphnia lumholtzi it is a small freshwater 

cladoceran native to the tropical and subtropical lakes of Africa, Asia, Eastern Australia, 

and India that can tolerate temperatures of up to 30 oC (Work & Gophen, 1999). Despite 

Daphnia lumholtzi, is a tropical species, it is a successful invasive species in North 

America including the Great Lakes and the Mississippi river basin (Johnson & Havel, 

2001; Tudorancea et al., 2009; Veraldi et al., 2011). The red swamp crayfish, 

Procambarus clarkii is native to the southern US, and is considered the most widespread 

crayfish species through the pet trade (Chucholl, 2013; Hobbs et al., 1989). It is capable 

of successful establishment in colder environments (e.g. Lake Erie and Michigan; 

Pagnucco et al., 2015; Simmons & Fraley, 2010; Veraldi et al., 2011) including Europe 

(García-Berthou et al., 2007), and can adapt to broad changes in salinity (Rhoads et al., 

2013). Moreover, Cherax destructor (Clark, 1936) or the common yabby is an Australian 
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freshwater crustacean invasive in Europe (García-Berthou et al., 2007; Hulme et al., 

2009; Vedia & Miranda, 2013) that can survive in high salinity environments for up to 48 

hours, and it tolerates water temperatures from 1 oC and 35 oC.  

Many freshwater invertebrates are also tolerant to environmental stressors such as 

desiccation and contaminants, which allow them, especially high-impact species, to be 

more successful in heavily polluted (Bonel et al., 2013; Zoric et al., 2011), or highly 

disturbed environments (Weir & Salice, 2012). Therefore, these environmental factors 

should be taken into consideration for the purpose of invasive species evaluation 

(Gallardo, 2014); particularly abundant species in disturbed environments such as 

polychaetes (Zoric et al., 2011), mollusks, and crustaceans (Gallardo & Aldridge, 2013a; 

Gallardo, 2014). On the contrary, the establishment of certain invasive species in 

freshwater ecosystems may be facilitated by improvements in their water quality (Soors 

et al., 2013). For example, B. longimanus has the capacity to invade lakes recovering 

form acidification in Northern Ontario (Strecker & Arnott, 2008). 

Nutrients concentration might also influence the success of certain invasive species. 

According to (Milbrink, 2014) the long time invasive species of tubificidae, Potamothrix 

vejdovskyi, has almost disappeared from Lakes in south Sweden because of changes in 

their water quality, probably a consequence of more efficient sewage treatment plants.  

While, the distribution and abundance of gastropods in human created ponds seems to 

be influenced by changes in conductivity, calcium and pH, particularly (Spyra & Strzelec, 

2014). 
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2.3.4 Propagule pressure 

Propagule pressure, defined as number of individuals transported by a pathway, is 

important to determine the level of risk posed by the vector. In Canada, the Federal ballast 

water regulations is a policy intended to prevent the chances for non-native aquatic 

species to successfully establish by the effective reduction of the propagule pressure in 

the ballast water of transoceanic ships (Bailey et al., 2011) which can transport thousands 

of individuals of a single species per cubic meter. 

Many invasion biologists agree that the rate of introduction of species (individuals per 

vector) through a specific pathway is an important factor influencing the success of 

introduced species but it could depend on factors such as the abundance of invasive, the 

number of vectors as well as the species characteristics. Therefore, propagule pressure 

depends on the amount of boat traffic and trade, which might increase the chances of 

introduction despite the implementation of ballast water exchange regulations, given the 

fact that a 100% compliance has not been achieved (Bailey et al., 2011; King & Tamburri, 

2010). In addition, other important unregulated vectors such as domestic shipping carry 

almost seven times more individuals than transoceanic ships in the Great Lakes region 

including non-native species (Briski et al., 2012); and could also increase the chances of 

dispersal for the most abundant species in contaminated areas (Chucholl, 2013). 

However, it has been reported that for some vectors such as canoeing the abundance of 

a species in a particular body of water does not necessarily increase its dispersal 

opportunities (Stasko et al., 2012). In fact, the composition of species per vector, as well 
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as the number of individuals depend on many factors including the species’ capability of 

using a specific vector (Table 1). 
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Table 1. Propagule pressure from pathways of introduction and spread of non-native freshwater invertebrates. 

Pathway Geographic Area 
Number of species of 
individuals in pathway  

Most common non-native species, or number of 
individuals per taxonomic group in pathway 

Source 

Ballast water 
(Domestic vessels) 

Great Lakes and St. 
Lawrence River 

Mean density of 121 
369 individuals/m3 

Zebra mussel: 9657.29 ± 2584.66 m-3 
Quagga mussels: 6986.28 ± 1603.40 m-3 

Cladoceran, E. coregoni: 2603.73 ± 405.97 m-3 
Copepod, E. affinis: 1861.91 ± 1394.94 m-3 

Briski et al. (2012) 

Ballast water 
(transoceanic vessels) 

Great Lakes and St. 
Lawrence River 

70 000 individuals/m3 
Main taxa: Cnidaria, Platyhelminthes, Rotifera, 
Nematoda, Annelida, Mollusca, Arthropoda, Tardigrada, 
Bryozoa, Echinodermata, and Chaetognatha) 

Locke et al. (1993) 

Ballast water 
(transoceanic vessels) 

Great Lakes and St. 
Lawrence River 

Mean density of 5440 
individuals/m3 total 
invertebrates. 

426.7 individuals/m3 high-risk non-native invertebrates Bailey et al. (2011) 

Ballast tanks 
(transoceanic vessels) 

Great Lakes and St. 
Lawrence River 

1349 individuals from 
93 taxa 

17 unique non-native species to the Great Lakes Drake & Lodge (2007b) 

Ballast Water 
(Domestic) 

Great Lakes and St. 
Lawrence River 

Mean density of 1.4 x 
104 individuals/m3,  
78 distinct zooplankton 

13 non-native species (16.7% of total zooplankton) 
Cladocerans: 37 % of total (e.g., B. longimanus), Rotifers: 
34% 

Adebayo et al. (2014) 

Aquarium trade 
(Online) 

Europe 123 crayfish species 

120 non-native species (97.6% of total species) 
104 family Cambaridae 
16 family Parastacidae 
3 familiy Astacidae 

Chucholl (2013) 

Aquarium trade 
(Online) 

North America 
33% of people buy 
crayfishes online  

The invasive Procambarus fallax f. virginalis 
(Marmorkrebs) 

Taylor et al. (2007) 

Aquarium trade 
regular stores 

North America 
66% of people buy 
crayfishes in store 

The invasive Procambarus fallax f. virginalis 
(Marmorkrebs) 

Taylor et al. (2007) 

Aquarium trade New Zealand 

4,000 introduced 
individuals per 
aquarist/year, from 55 
taxa 

14 non-native species (43% established): 25.4% of total 
species. Mainly copepods, ostracods, cladocerans, 
molluscs, mites, flatworms and nematodes 

Duggan (2010) 
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Continue… 

Canoe-mediated 
Killarney Provincial 
Park (Ontario) 

40,359 individuals 
(May–October), or 
about 10 to 13 
individuals/canoe 
(average) 

Adults of micro crustaceans Sida crystallina and Bosmina 
spp. 

 
Stasko et al. (2012) 

Recreational boating 
Wisconsin and 
Michigan 

Individuals from 28 taxa 
(55% of total small body 
organisms) 

Amphipods, gastropods, and cladocerans 
Rothlisberger et al., 

(2010) 

Bait-fish shops 
Missouri (United 
States) 

6 crayfish species of two 
genre 

Genus Orconectes: 77% of total including the invasive O. 
rusticus 

DiStefano et al. (2009) 

Host species 
Great Lakes 
established and 
potential 

54 species of non-native 
invertebrates 

227 parasites associated with the 54 non-native species 
in native habitat (20.2% cause pathologies to human and 
fish) 

Mastitsky et. al.(2014) 
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2.3.5 Social and economic factors 

Environments with higher levels of social and economic activities, and therefore high 

anthropogenic impact, are at higher risk of invasion as in the case of zebra mussel 

(Gallardo, 2014). Also, “Managing risky human behavior involving invasive species, such 

as unauthorized stocking or the release of pets to the wild, is difficult because the rationale 

for risk taking is often unknown” (Drake et al., 2015). According to Kerr et al. (2005), social 

factors such as beliefs, religion and cultural traditions are closely related to the 

introduction of non-native species, including the released of fish into the wild as a way of 

being thankful for the food that nature has provided, and also because of the importation 

of traditional food. In addition, people may think that disposing unwanted animals like bait 

fish on land is seen as an act of cruelty because of the false perception that the release 

of animals into the natural environment is beneficial for the ecosystem, at least for 70.5% 

of anglers in Ontario and Michigan State (Drake et al., 2015).  

Moreover, a research conducted by Banha et al. (2015) found that there is a lack of social 

responsibility towards preventing the introduction and spread of aquatic invasive species. 

In fact, they discovered that despite awareness about the damage caused by invasive 

species, some people might still believe that their spread could be economically beneficial 

to the point of “wishing for their spread” on public web forums for anglers in Portugal. On 

the other hand, many recreational boaters may fail to clean their boats despite increased 

awareness efforts (Havel, 2011), but also because of their laziness, especially when non-

mandatory rules are in place (Rothlisberger et al., 2010). Therefore, it is crucial to take 
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into consideration social risky behaviors (Drake et al., 2015) and economic factors when 

predicting the risk posed by invasive species, determining most susceptible areas to 

invasion, and planning, and implementing management strategies for the effective 

prevention of their introduction and spread (Gallardo & Aldridge, 2013a).  

2.4 Management strategies for preventing the species’ introduction, 

spread, and establishment 

“Invasion, however, includes a large element of chance”  

(Locke et al., 1993). 

2.4.1 Preventing the introduction and spread of non-native species 

Management strategies to prevent the introduction of invasive species should be given 

priority over control and eradication (Gallardo & Aldridge, 2013b; Hulme et al., 2009; 

Westphal et al., 2008), particularly through the regulation of major vectors (Briski et al., 

2012). In part, prevention is important because once invasive species are established, 

eradication and effective control is nearly impossible (Lodge et al., 2006; Thomaz et al., 

2015), and their effect on the ecosystem is often irreversible (Warziniack et al., 2011). 

Prevention is the most cost-effective management strategy for controlling invasive 

species (Tahoe Regional Planning Agency, 2014).Therefore, the implementation of 

policies that prioritize prevention over control is crucial for the effective management of 
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invasive species (Riley, 2005); especially policies intended to predict species that might 

become invasive, through effective control of pathways (Roy et al., 2014).  

The listing of permissible and not permissible species on regulations, according to risk 

assessments is recommended to prevent the introduction and spread of known invasive 

species (Simberloff et al., 2013). However, this management strategy may fail to minimize 

the risk posed by non-listed, potential species (Riley, 2005). One of the most common 

preventive management strategies for aquatic non-native organisms used in Canada and 

in many other countries is ballast water regulations; however, they do not prevent 100% 

of species introductions, particularly from domestic shipping between ports with different 

aquatic invertebrate community composition (Adebayo et al., 2014) despite of 95% of 

compliance (Lo et al., 2012). 

According to research conducted by (Santagata et al., 2009) common ballast water 

treatments for ships entering the Great Lakes such as flow-through and empty-refill can 

only effectively control 56% and 68% of all taxa respectively, because of their broad 

salinity tolerance. In fact, they identified 13 potential invasive species. Therefore, they 

recommended the use of brine solutions concentrations of 60ppt sodium chlorine for the 

effective prevention of the introduction of non-native species of broad salinity tolerance 

into the Great Lakes. On the other hand, the use of scent detecting dogs in watercraft 

inspections have proved to be useful in preventing species introductions and spread  

because of their ability to detect the smell of mussels (Volkoff & Shimek, 2013). Moreover, 

pathways such as artificial canals (The Panama Canal) could be filled with freshwater in 

order to prevent the transport of marine species between oceans by creating an abiotic 
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barrier; however, it has failed to prevent euryhaline species from overcoming this barrier 

(Rodríguez & Suárez, 2001). 

Recreational boating and fishing, are important vectors for introducing and spreading non-

native aquatic invertebrates (Bacela-Spychalska et al., 2013; Gherardi, 2007; Kerr et al., 

2005; Ricciardi, 2006; Stasko et al., 2012). In fact, many aquatic invertebrates are 

capable of active dispersal by attaching to recreational aquatic equipment, as well as 

other vectors (Anderson et al., 2014; Rothlisberger et al., 2010; Stasko et al., 2012) where 

they could survive for days because of their resistance to desiccation (Banha & Anastacio, 

2014; Havel, 2011; Havel et al., 2014; Ricciardi et al., 1995; Weir & Salice, 2012). 

Research conducted by Ricciardi et al. (1995) proved that the mollusks D. polymorpha 

and D. bugensis may survive out of the water for up to five days and even longer 

depending on the level of humidity and temperature. While, other invasive freshwater 

invertebrates such as the amphipod Dikerogammarus villosus has a remarkable survival 

capability in damp conditions for up to 15 days (Gallardo & Aldridge, 2013a) similar to two 

gastropod species Bithynia tentaculata and Cipangopaludina chinensis (Havel et al., 

2014). 

High-pressure washing is highly recommended as an effective way of preventing the 

introduction and spread of aquatic organisms by recreational boating and trailering 

(Rothlisberger et al., 2010; Zook & Phillips, 2012). According to Rothlisberger et al. (2010), 

the application of high-pressure wash at (1,800 psi) is significantly more effective in 

removing small aquatic organisms (up to 90% of all small organisms), as well as plants, 

than low-pressure wash (40psi), independent of the duration of the wash.  Therefore, the 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 38 of 136 
 

cleaning of fishing and recreational equipment is highly recommended to reduce the risk 

of introduction. 

Trapping and harvesting could be a solution for preventing the spread of highly 

problematic invasive aquatic macro invertebrate species such as crayfish; however 

ineffective (Moorhouse & Macdonald, 2011). According to Warziniack et al. (2011), the 

implementation of measures involving regular inspections is more effective than penalties 

when preventing invasive species. In fact, measures such as the restrictive access to 

invaded area could be an effective preventive measure. For example, off-road traffic on 

wetland and inundated areas contaminated with invasive species should be strictly 

regulated to prevent their spread considering it is an important pathway for high-impact 

invasive such as crayfish and gastropods, particularly during wet seasons because of the 

important role of off-road traffic in dispersing these species (Banha & Anastacio, 2014). 

An example of a successful preventive management strategy at the regional level is the 

implementation of mandatory boat washing using hot water (60 oC) to prevent the 

introduction and spread of the invasive zebra mussel in a National Park (Palmquist et al., 

2008). In this particular case, regulations required that boats obtain certification that they 

were clean because of the failure of voluntary measures and public awareness to ensure 

effective protection. The resulting boat washing compliance between 70-90% helped 

reduce propagule pressure considerably. At least 75 similar certification programs have 

been implemented across western United States (Zook & Phillips, 2012). 

Education and outreach at any level is also an important tool to prevent the introduction 

and the spread of invasive species. For example, better training and instructions to 
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teachers using living organisms in the classroom and the implementation of better policies 

at the school board level could prevent the purposeful release of non-native species into 

lakes and streams (Gartner et al., 2011). 

2.4.2 Predicting species introduction and impacts, and the importance of 
early detection. 

“Predicting what makes a good invader is a major challenge in the field of bioinvasions, 

perhaps an issue without general answer”  

(Bousset et al., 2014) 

The prediction of which species might pose a high risk is crucial for the effective 

prevention of the introduction and spread of invasive species (Roy et al., 2014) however 

uncertain (Bousset et al., 2014). Mathematical modeling is considered a useful tool to 

predict geographical areas at higher risk of invasion (risk assessments); however, they 

have many limitations (Capinha et al., 2013). These limitations are in part because risk 

assessments based on modeling often fail to include important socio-economic factors 

(Gallardo & Aldridge, 2013a), as well as food web structure (Johannsson, 2007).  

According to (Dana et al., 2013) current decision tools such as risk assessment fail to 

include social, economic, technical, institutional and political factors when managing 

invasive species and species at risk. Moreover, risk assessments even for species within 

the same geographical region may indicate different risk of invasion, pathways, as well 

as dispersal patterns (Gallardo & Aldridge, 2013b)  because of the many factors involved 

in the invasion process. The most useful models are capable of predicting the future 
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abundance of the species (Hansen et al., 2013). Therefore, models should be use in 

conservative way considering that it is difficult to predict how organisms are going to adapt 

in reality to a new environment (Cordellier & Pfenninger, 2008). 

A popular risk assessment method that has been used to predict high-risk invasive 

species is the FISK, originally designed for invasive plant species, and later adapted for 

evaluating freshwater fish (Almeida et al., 2013), and invertebrates (FI-ISK) (Patoka et al., 

2014; Tricarico et al., 2010). According to Tricarico et al. (2010) FI-ISK is an effective tool 

for predicting high-risk invasive freshwater invertebrates to a specific geographic area. 

This risk assessment tool is based on information about the species’ biogeography, 

biological and ecological history or characteristics according to 49 questions, divided into 

8 categories. However, as with many other management tools, it does not include social, 

economic, technical, institutional and political factors (Dana et al., 2013) and is highly 

depend on available information about the species, which in some cases may be limited. 

In fact, there are still knowledge gaps related to factors determining the successful 

establishment of high-impact invasive aquatic invertebrates such as B. longimanus 

(Drake et al., 2006).   

A Quantitative Biological Risk Assessment Technique (QBRAT) is the tool that has been 

used to predict the probability of introduction, establishment and spread of high impact 

aquatic invertebrates such as the Ponto-Caspian B. longimanus in Ontario’s inland lakes 

(Johannsson, 2007). This model is considered a useful quantitative management tool for 

predicting invasiveness, as well as predicting the effectiveness of preventive measures 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 41 of 136 
 

such as cleaning fishing equipment to prevent the spread of invasive invertebrates; 

however, it fails to include other important factors.  

Time lags between the introduction of a species and its detection in the natural 

environment may take several years (Bailey et al., 2011; Costello et al., 2007; Ricciardi, 

2006; Steinberg et al., 2007), a phenomena that should be taken into consideration when 

evaluating the effectiveness of polices intended to manage pathways (e.g. ballast water 

exchange regulations; Costello et al., 2007). For example, the discovery of Cercopagis 

pengoi in Lake Ontario took many years because of time lags between introduction 

through ballast water and its establishment (MacIsaac & Grigorovich, 1999). Furthermore, 

it was almost 17 years after introduction that E. sinensis was detected in the Thame River 

(Herborg et al., 2003), and several years for the crayfish species Procambarus fallax f. 

virginalis (Hagen, 1870) in Germany (Chucholl et al., 2012). Therefore, “the early 

detection of a non-native species at low density is critical for preventing biological 

invasions in recipient ecosystems” (Tréguier et al., 2014).  

Monitoring tools such as molecular biology techniques to detect Environmental DNA 

(eDNA) are a useful tool for the early detection of aquatic non-native species in the 

ecosystem (Tréguier et al., 2014), particularly in large body of water such as the Great 

Lakes. In ecosystems like Lake Superior where the visual detection of non-native species 

might take longer (Grigorovich et al., 2003b) or for monitoring non-native species 

contained in pathways such as ballast water (Stankiewicz et al., 2010) eDNA techniques 

for detecting non-native species could be beneficial for the purpose of management. 

However, it is a very expensive tool still when used for the immediate detection of species 
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(Stankiewicz et al., 2010) and problematic for species with low abundance in the 

environment (Tréguier et al., 2014).  

According to Stankiewicz et al. (2010) molecular biology techniques for the detection of 

non-native organisms introduced through ballast water is not yet a feasible solution 

considering that an affordable fast technology does not exist yet for detecting thousands 

of individuals contained in a single ballast tank, and in a short time before water has to 

be discharged. On the other hand, research conducted by Tréguier et al. (2014) 

demonstrate that the use of eDNA for detecting macroinvertebrate species with a low 

abundance such as crayfish is challenging because of the current technological 

limitations for identifying very small levels of DNA in large and deep waterbodies. They 

also suggest that these limitations could be the result of less extracellular DNA in 

invertebrates compared to fish and amphibians where molecular biology techniques are 

more effective for detecting species, therefore the eDNA tools should be used in 

combination with conventional monitoring strategies for detecting invertebrates. 

2.4.3 Control of invasive species 

Even though prevention is the ideal management strategy to deal with invasive species 

(Ricciardi, 2001), control and eradication is the main solution once they become 

established and start causing serious ecological and economic problems in their new 

environment (Simberloff et al., 2013). The most common methods for controlling invasive 

species are chemicals or the simple removal of the species which could take a lot of time, 

making it extremely labor intense and consequently expensive (Haenfling et al., 2011). 
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Instead, some control methods involve taking advantage of the overabundance of 

invasive species by using it for animal feed (CBC, 2014, August 14), human consumption 

(Gherardi et al., 2011), or even as an industrial material (Morse, 2009) as a way to 

compensate the cost of controlling species. However, safety issues might be associated 

with the consumption of invasive species. For example, the commercial exploitation and 

consumption of the invasive Chinese mitten crab in England (Eriocheir sinensis and host 

of the bacteria, Vibrio parahaemolyticus) could potentially cause serious illness in humans 

(Wagley et al., 2009). 

2.4.4 Gaps in Policy that facilitate the introduction and spread of 

invasive species 

Despite there are policies and regulations in Canada intended to prevent the introduction 

and the spread of aquatic invasive species, it is still a growing issue in Ontario, especially 

in the Great Lakes region (Ricciardi, 2006).  This results from policy gaps at the Federal 

and Provincial level (Adebayo et al., 2014; Bailey et al., 2012; Kerr et al., 2005) as well 

as the lack of coordination between governments (Smith et al., 2014). In addition, there 

is lack of coordinated action in terms of monitoring system for aquatic ecosystems 

(Ricciardi, 2006). In fact, the lack of collaboration between jurisdictions in preventing the 

introduction and spread of non-native species is a common problem that affects the 

success of even the best management strategies, especially when neighboring 

jurisdictions do not have any at all (Kilian et al., 2012) because “invasive species do not 

respect political boundaries” (Lodge et al., 2006). 
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On the other hand mandatory risk assessments are not generally required in Canada for 

introducing exotic species (Pagnucco et al., 2015). Therefore, conducting a risk 

assessment for pathways such as the aquarium trade, live baitfish, live food, and 

transgenic organisms is not required under the Federal code of introductions and transfer 

of aquatic organisms, including invertebrate species (Fisheries and Oceans Canada, 

2003), while most risk assessments only rely on qualitative expert opinion (Kerr et al., 

2005).  

Even though mandatory ballast water regulations have been effective in slowing down 

the introduction of aquatic invasive species into the Great Lakes (Bailey et al., 2011), 

important pathways such as domestic ship traffic, and ships with no-ballast on board 

(NOBOB) are not covered by this policy (Bailey et al., 2012; Chan et al., 2012; Kerr et al., 

2005; Smith et al., 2014). Moreover, the Health of Animals Regulations, administered by 

the Canadian Food Inspection Agency, which controls the importation of Pet aquatic 

animals, does not prohibit the importation of aquatic invasive species (CFIA, 2012, 

December 27) despite the fact that many non-native aquatic invertebrates are host to 

invasive parasites threatening animal and human health (Emde et al., 2012; Karatayev et 

al., 2009; Lymbery et al., 2014; Mastitsky et al., 2014; Morley, 2008). In fact, only 

pathogens that threaten salmonids are regulated (Smith et al., 2014).  

Live bait and the aquarium trade are not properly regulated in Canada (Kerr et al., 2005; 

Smith et al., 2014). So far, the only invertebrates prohibited for import as live bait are 

crayfish and leeches (Smith et al., 2014); however, non-native crayfish species are the 

most common invertebrates in the aquarium trade (Belle et al., 2011; Gherardi et al., 
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2011; Patoka et al., 2014; Peay, 2009). Also invasive gastropods and mussels are 

abundant in the aquarium trade (Appleton & Miranda, 2015; Duggan, 2010; Karatayev et 

al., 2009). Moreover, there is a lack of data regarding the importation of aquatic organisms 

and the aquarium trade industry (Kerr et al., 2005). In fact, the lack of statistics and 

regulations regarding the importation of aquarium pets has also been reported in Europe 

(Chucholl, 2013), so it is not a regional issue. 

2.5 Challenges in non-native species management  

Thirteen years ago, there was a gap in the scientific knowledge relating the ecological 

impact of high-risk aquatic invasive species, especially those from the Ponto-Caspian 

Seas (Ojaveer et al., 2002). Today, that knowledge has increased considerably, however, 

the problem of introducing and spreading non-native species still persists in many 

countries because of the gap of knowledge regarding management actions (Simberloff, 

2009).  On the other hand, management relying only on public awareness may not be 

effective in preventing the introduction and the spread of invasive species considering 

that social behavior towards the intentional introduction of species through live bait is 

difficult to predict (Drake et al., 2015). Therefore, social tools such as the creation of web 

forums for anglers has been proven to help prevent the introduction and spread of non-

native fish species by providing information about their behavior and believes towards 

aquatic species (Banha et al., 2015). 

Despite the increased amount of scientific knowledge regarding invasive species, there 

are still gaps. For example, in the area of ecological impact, there is still a level of 
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uncertainty around the environmental impact and or success of invasive gastropods 

species (Albrecht et al., 2014), and cyclopods (Azemar et al., 2007). Most of the research 

about the susceptibility of invasive species to environmental stressors have been 

conducted in some high-impact mollusks (e.g. Facon et al., 2004; Havel, 2011) and 

crayfish species (Aguas et al., 2014; Banha & Anastacio, 2014) mainly focusing on 

evaluating their resistance to desiccation (Havel et al., 2014; Weir & Salice, 2012; Wood 

et al., 2011).  

One of the challenges associated with managing invasive species is because of 

taxonomic issues (McGeoch et al., 2012). For example, based on morphological 

identification, it is difficult to confirm if new species records of the micro crustaceans 

Acanthocyclops robustus and A. vernalis are really a result of new introduction events 

(Reid & Hudson, 2008) in part, because of the lack of zooplankton inventories before the 

implementation of ballast water measures (Locke et al., 1993). Therefore, the 

identification of invasive species is one of the challenges associated with the 

management of invasive species even by experts, so relying on the species identification 

by the public is not considered a reliable option for microscopic aquatic invertebrates.     

According, to McGeoch et al. (2012) mistakes in the species classification is one of the 

10 most common types of errors when listing invasive species. A number of errors in 

species classification are the result of inadequate taxonomic keys (Lodge et al., 2006), 

which in turn may be related to less research funding given to taxonomic-related projects 

in the Great Lakes region (Steinberg et al., 2007). For example, the scientific names 

Bosmina maritima (Müller, 1868); 1857); and Bosmina (Eubosmina) coregoni maritima 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 47 of 136 
 

(Müller, 1867) are synonyms for Bosmina (Eubosmina) coregoni (Baird, 1857) (WoRMS 

Editorial Board, 2015). These species are often used to refer to different species in 

invasion biology papers.  

Predicting the introduction and spread of most aquatic invasive invertebrate species in 

the United States is challenging because of the lack of knowledge of their pathways 

(Bobeldyk et al., 2015). In fact, shipping related vectors (ballast water, NOBOB ships, and 

fouling) are considered to receive more attention from policy makers (Rothlisberger & 

Lodge, 2013), as well as research funding (Steinberg et al., 2007) leaving other important 

pathways understudied.  

Despite the preventative benefits associated with salinity treatment for ballast water and 

NOBOB ships entering the Great Lakes basin, increased salinization could be detrimental 

to native species (Santagata et al., 2009), especially because salinization is a growing 

environmental issue in rivers (Cañedo-Argüelles et al., 2013).  In addition, the salinization 

of freshwater ecosystems might increase their susceptibility to invasive species, 

considering that many invasive species have a wide salinity tolerance.  

For example, invasive crustacean species such as Gammarus tigrinus, Potamopyrgus 

antipodarumand, and Apocorophium lacustre, as well as gastropods are more abundant 

in waterways impacted by salinization from industrial discharge and road deicing (Szöcs 

et al., 2014). Therefore, cumulative impact assessment studies should be conducted to 

determine the effect of sodium chloride for ballast water treatment in already impacted 

waterways, because it might actually increase the risk of invasion or favor already 

established non-native (e.g. G. tigrinus and P. antipodarum; Piscart et al., 2005).  

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 48 of 136 
 

The effective management of hull fouling which is considered by some a pathway as 

important as ballast water (Drake & Lodge, 2007b), still faces challenges. The use of 

aluminum in most boats in the aquaculture industry which attracts more species such as 

tunicates compared to other antifouling materials and increases the risk of species 

introduction when boats are moving between waterbodies is one such challenge 

(Darbyson et al., 2009). Moreover, it has been difficult to find materials that increase the 

antifouling properties of conventional boatbuilding materials. For example, the addition of 

chitin to regular antifouling materials such as epoxy polymer coating are proven to be 

ineffective in preventing the attachment of zebra mussels (De Lafontaine et al., 2002). 

2.5.1 Securing resources for effective management 

The management of invasive species depends on the availability of adequate means to 

ensure effective prevention and control. In fact, it has been demonstrated that in the UK 

many people are willing to prevent the spread of invasive species by cleaning their 

recreational equipment; however, a lack of available tools - such as simple boat cleaning 

stations with a hose at boat launches – unable them to do so (Anderson et al., 2014).  

On the other hand, in certain North American locations, the implementation of mandatory 

boat cleaning through the installation of boat wash stations near waterbodies is not very 

well accepted among resource managers, despite its benefits, because of the high 

installation costs  (averaging almost US$ 36,675), and the time requirement involved for 

individuals to clean their boats (Jensen, 2009). In Ontario the cost of providing boat-

cleaning stations at most lakes for preventing the introduction and spread of non-native 
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species is extremely expensive considering that there are 250,000 lakes. In fact, there is 

currently a boat washing station in Barrie Marina since 2013 (Holdforth, July 5, 2013), 

while a mobile station was in operation in Peterborough until 1996 when it closed because 

of operational costs (Jensen, 2009). Besides, it has been demonstrated that there is still 

a need for increased support for inspections and enforcement of regulations for major 

pathways such as ballast water for the purpose of compliance (Bailey et al., 2011). 

Because availability of resources for the management of invasive species could be a 

limiting factor for the effective prevention of their introduction and spread, “clean boat” 

self-certification, could be a more affordable successful strategy to prevent the spread of 

non-native species because it does not require the use of on-site washing stations 

(Palmquist et al., 2008). Moreover Palmquist et al. (2008) reported that the charging of 

fee for using the boast wash stations helped to cover service costs as a successful 

initiative for preventing the introduction of aquatic invasive species in Glen Canyon.  
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3 Methods 

3.1 Policy analysis  

3.1.1 Literature review 

An extensive literature review as well as two semi-structured interviews with Ontario 

government officials were performed with the purpose of conducting a critical analysis of 

the proposed Ontario’s Bill 37 (An Act respecting Invasive Species) in 2014, intended to 

prevent, control and eradicate invasive species in Ontario, and to creating a non-native 

species checklist for the purpose of management. The literature review served to 

generate the state of scientific knowledge with regard to preventing the introduction and 

the spread of aquatic invasive invertebrate species, as well as any other information 

relevant to the issue; and it was based on key terms such as invasive species, non-

native/non-indigenous, alien, aquatic freshwater invertebrates, management, 

environmental policy, and compliance. Research documents, as well as any other 

supportive information were retrieved from library databases including the Web of 

Sciences, Google Scholar, the Queen’s library, and the web.  

The majority of literature include published research papers, government documents, 

scientific reports, dissertations, conferences, online databases, and websites. The 

documents were analyzed according to their content, as well as their context to get a 

general idea of their relevance to the research, and to identify main issues and categories 

regarding the research topic (Krippendorff, 2004). The NVivo research software facilitated 
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the gathering, organization, and analysis of the information from the literature review, the 

interview responses, and each of the species on the checklist.  

3.1.2 Semi-structured interviews. 

Two Ontario government officials with knowledge of aquatic invasive species in Ontario 

were interviewed with the purpose of exploring the perspectives and insights of the 

provincial government regarding the management of aquatic invasive invertebrates, and 

the importance of the proposed Ontario’s Bill 37 in preventing their introduction and 

spread. Interview responses helped to advance our understanding of the purpose, and 

the implications of the Bill, as well as to contrast our findings from the policy analysis 

based on the literature review. The interview questions (Appendix 8.1) were designed to 

address the aim and the objectives of the project based on a preliminary review of the 

literature, including Ontario’s Bill 37, in order to determine the main categories of the issue 

(Gill et al., 2008; McCracken, 1988). The design and analysis of the interviews was 

conducted according to qualitative research methodology which includes the review of 

the literature, the discovery of cultural categories, the construction of the interview, and 

the discovery of analytical categories through the analysis of each interview (McCracken, 

1988). Interviews were verbatim recorded, transcribed, and its content was analyzed to 

identify the main issues relevant to the policy analysis (Burnard, 1991; McCracken, 1988). 
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3.2 Checklist 

3.2.1 Criteria for the creation of the species checklist 

More than 2000 literature sources were reviewed to find as many non-native freshwater 

invertebrates as possible with the purpose of identifying species that could potentially be 

introduced into Ontario and become invasive, with a special attention to the Great Lakes, 

and to create a comprehensive checklist of non-native aquatic invertebrates. Any 

freshwater invertebrate from the literature that has been introduced outside their natural 

environment anywhere, as well as those recorded as established and potential invasive 

to Ontario and the Great Lakes, were included in the non-native freshwater invertebrates’ 

checklist.  

The checklist served to determine gaps in scientific knowledge regarding specific species, 

as well as their pathways for the purpose of the policy analysis and to make policy 

recommendations. Specific criteria was used for the creation of a general checklist to 

determine most studied species and group of species per geographic category, main 

pathways per group of species and categories, and to provide policy makers with 

comprehensive checklist of non-native species that have a high impact on the ecosystem 

level and the economy. 

Species meeting the criteria listed below, including native species to North America, were 

classified as non-native species with the purpose of simplifying the terminology used in 

the checklist and facilitate the analysis: 
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 Non-native or non-indigenous: a species recorded anywhere outside their native 

geographical area. 

 Introduced: a species recorded as introduced anywhere outside its native area. 

 Invasive: a species recorded as invasive or a nuance anywhere, which means 

that, has a negative impact on the ecosystem, as well as on the economy. 

 Alien or exotic: a species recorded as alien or exotic anywhere. 

 Cryptogenic: species which origin is unclear (Hulme et al., 2009; Mills et al., 1993; 

Reid & Hudson, 2008) sometimes with wide distributions, so others might have 

included them in any of the above categories. 

In order to facilitate the analysis of the checklists, and its use for the purpose of 

management, each species was assigned to a geographic category according to its origin 

and status with respect to North America, and to separate categories with respect to 

Ontario, including the Great Lakes. Non-native aquatic invertebrates established in the 

Great Lakes, are also included in the checklist and assigned to the category of established 

species (ES) with respect to Ontario. Moreover, the following data regarding each species 

was also collected when available including pathways for introduction and spread, salinity 

tolerance, resistance to desiccation, and impact, with the purpose of identifying main 

pathways per category, species that have a high-impact on the environment, and may 

pose a higher risk to Ontario’s aquatic ecosystems.  The number of literature sources 

citing the species, and the number of references or times the species’ name appeared in 

each of the sources was determined for each species by the NVivo research software to 
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determining the most studied taxonomic groups, as well as to identify existing gaps in 

scientific knowledge amongst group categories.  

3.2.2 Species’ Category with respect to North America 

According to the species’ origin and status in the literature, they were classified as: 

 NN: non-native to North America. 

 NA1: native to North America only recorded as non-native outside the continent. 

 NA2: native to North America only recorded as non-native within the continent. 

 NA3: native to North America recorded as non-native within and outside the 

continent.  

 C: cryptogenic (species which origin is uncertain). 

3.2.3 Species’ Category with respect to Ontario, including the Great 
Lakes 

According to the species’ origin and status in the literature, they were classified as: 

 ES: established, a non-native species recorded as established. 

 CO: collected, a non-native species recorded as introduced to the natural 

environment but that failed to establish. 

 PO: potential, a non-native species that has been introduced through a pathway 

but has not been yet found in the natural environment, so it is already considered 

a potential future invader. 

 NR: non-reported, a species not previously recorded as a potential non-native. 
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 NO: native to Ontario, a species native to Ontario that has been recorded as non-

native anywhere else. 

3.2.4 Categories for pathways 
 

Pathways were grouped into general categories in order to facilitate data analysis per 

group of species and categories. 

 Aquaculture (stocking, animal forage, live food) 

 Aquarium and ornamental trade (online pet stores, hitchhiker on imported plants) 

 Shipping (ballast water and sediment, residual water and sediment on no ballast 

on board vessels (NOBOB), construction of canals, and hull fouling) 

 Construction of reservoirs 

 Research (educational activities, biological control, biomodels or biotechnology, 

restoration and conservation) 

 Host (parasite host) 

 Live bait 

 Recreational activities (boating, canoeing, trailing, kayaking, swimming, scuba 

diving, fishing) 

 Mud attached to boots and vehicles (including tires and other parts of vehicles, 

military equipment) 

 Natural (wildlife, climatic events such flooding, temporary ponds, natural drifting).   
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4 Results and discussion 

4.1 Species checklist 

A total of 409 invertebrate species were identified as meeting the criteria for their inclusion 

in the non-native invertebrates checklist, including aquatic insects and pathogens. For 

information regarding species considered to have a high impact on the environment, refer 

to section 4.1.4 page 72. The top three taxonomic groups, representing the majority of 

the 409 species on the checklist are crustaceans (55.5%), particularly copepods, crayfish, 

and amphipods; followed by mollusks (22%), mainly snails and mussels; and in third place 

are flatworms (8.56%), mainly parasitic with the exception of four species. These results 

are similar to those reported for the USA (Bobeldyk et al., 2015). Also in Europe, 

crustacea is the most represented non-native taxonomic group, as well as the most 

detrimental to the environment (Vilà et al., 2010).  The most represented group species 

are copepod, snail, parasite, crayfish, amphipod, mussel, oligochaete, cladoceran, and 

shrimp species (Figure 2).  

The high amount of parasites recorded as non-native may be attributed to the number of 

recorded non-native snails, crayfish, and amphipod species. According to Mastitsky et al. 

(2014), snails are one of the most important host of aquatic parasites, followed by 

crustaceans in comparison to other freshwater species. For example, in the Great Lakes, 

the potential invasive Dikerogammarus villosus is an important host of the parasite worm 

Pomphorhynchus tereticollis (Emde et al., 2012). The snail Lymnaea (Radix) auricularia 

rubiginosa, a long time established invasive (Sturtevant & Reid, 2008), and usually found 
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in aquariums (Appleton & Miranda, 2015), is an important host for many parasitic worms 

(Charoenchai et al., 1997). Moreover, many invasive fish species are also host of non-

native parasites such as the Ponto-Caspian round goby which is host of many species 

including the flatworm Gyrodactylus proterorhini recorded as invasive to the Baltic Sea  

(Kvach et al., 2014), and the nematodes Paracuaria adunca, and Raphidascaris acus, 

also invasive in the Rhine River (Emde et al., 2012). Therefore the importance of 

preventing the introduction of non-native freshwater as vectors for the introduction and 

spread of non-native parasites that could have devastating consequences for the 

environment. 

  

Figure 2. Most represented group of species. Percentage of species/group 

 

According to species per geographic categories for North America and for Ontario, the 

majority of the species on the checklist are those non-natives to North America, followed 

by those that have not yet been reported to Ontario, which represent 68.7% and 45.23% 

of the total species on the checklist respectively (Table 2). The second most represented 
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category for North America, with 15.3% of the species, are those species native to North 

America and only recorded as non-native within the continent (NA2) such as the crayfish 

Procambarus acutus acutus, and the snails Viviparus georgianus and Elimia virginica. 

Those species non-native already established in Ontario and the Great Lakes (ES) is the 

most represented category for Ontario with 25.4%, including species such as the invasive 

zebra and quagga mussels. Thus, preventing the introduction of species that have not 

yet been reported as introduced or invasive to Ontario or the Great Lakes is crucial 

considering that they also could also represent potential invasive species for the region 

in the future and that their number is almost double the proportion of non-native species 

already established.  

Table 2. Percentage of the total species on the checklist per category for North America and for 
Ontario and the Great Lakes. For North America: Cryptogenic, C. Native to North America 
introduced only outside the continent, NA1. Native to North America introduced within the 
Continent, NA2. Native to North America introduced within and outside the Continent, NA3. 
Non-native to North America, NN. For Ontario and the Great Lakes: Collected, CO. Established, 
ES. Native to Ontario, NO. Non-reported, NR. Potential, PO. 

Category for ON Percentage 
Category for 

North America Percentage 

NR 45.23 NN 68.70 

ES 25.18 NA2 15.16 

PO 18.34 NA1 7.09 

NO 10.51 NA3 6.11 

CO 0.73 C 2.93 
 

 

4.1.1 Most studied species or most common species in the literature. 
 

Considering the number of literature sources (number of authors citing the species) and 

the number of references (how many times the species name appeared in each source) 
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for each of the 409 species on the Checklist, the top 20 most studied non-native species, 

with the highest number of sources and references, are 16 crustaceans and four mollusks 

(Table 3). Almost half of these species are already established in Ontario, including two 

native species to North America, which are also considered as not having a high-impact 

on the environment (e.g. the mysid, Mysis relicta, and the crayfish, Orconectes virilis). 

These results indicate that research efforts are mostly concentrated on non-native 

species to North America that have a high-impact on the environment, which could 

influence the outcome of risk assessments for invasive species with the purpose of 

management and listing them on regulation, by favoring species with more available 

information available. In fact, according to (Dana et al., 2013), there are biases when 

managing invasive species through risk analysis as the main globally used tools are 

based mainly on data from North America, Europe and Australia where most of the 

research is done, which have an effect on the available information by taxonomic group 

including  habitat, and biogeography. 

The species with the highest number of sources and references is zebra mussel 

(Dreissena polymorpha), which is also recorded as one of the 100 world’s worst invasive 

species, considered an invasive species in Europe (DAISIE, 2003; Lowe et al., 2000), 

and across North America  (Carlton, 2008; Hebert et al., 1989; MacIsaac, 1996; D. F. 

Reid & Wilkinson, 2013). The second species with the most number of sources and 

references is the invasive quagga mussel (Dreissena bugensis), indicating that mostly 

two Ponto-Caspian mussels have received the most attention from the research 

community.  At least in the Great Lakes region, projects relating to Dreissena mussels 

invasion have been given priority for funding in since the 1990s (Steinberg et al., 2007), 
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resulting in a greater number of publications compared to other non-native species. 

Therefore, these species are considered the most studied aquatic invasive invertebrates 

in the field of invasion biology (Gherardi, 2007; Sousa et al., 2009). 

Interestingly, the most study species in third place is the native to North America, the 

crayfish Procambarus clarkii, followed by the invasive and established in Ontario and the 

Great Lakes, the Ponto-Caspian cladoceran the spiny waterflea (Bythotrephes 

longimanus). Two invasive amphipods, considered as high-risk potential introduced 

species to the Great Lakes (Dikerogammarus villosus and Chelicorophium curvispinum) 

(Pagnucco et al., 2015) have also been fairly very well studied, followed by four invasive 

crayfish species that have not yet been reported into Ontario or the Great Lakes 

(Pacifastacus leniusculus, Orconectes limosus, Astacus astacus, and Austropotamobius 

pallipes). In fact, these information sources have helped Ontario researchers to predict 

the potential threat posed by some of the above mentioned species to the Great Lakes 

region in order to help manage invasive species.  

Particularly, the invasive, Dikerogammarus villosus (Sowinsky, 1894) or the Killer Shrimp, 

is a freshwater-brackish amphipod-gammarid species has been considered a potential 

high-risk aquatic invertebrate to the Great Lakes since 1990s through shipping in the 

Great Lakes (Grigorovich et al., 2003a; Ricciardi & Rasmussen, 1998). It is a native to 

the Ponto-Caspian seas, and a very widespread invasive species in the UK (Dobson, 

2012) of high impact at the community level (MacNeil et al., 2012); a very successful and 

a powerful predator (Bacela-Spychalska et al., 2013), also host of the acanthocephalan 

parasite, Pomphorhynchus tereticollis (Emde et al., 2012). Therefore, it is listed as an 
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invasive species in Europe (Hulme et al., 2009; Wattier et al., 2006) including Germany 

(Kinzler et al., 2009; Kley & Maier, 2006), and France (Devin et al., 2003).  

Moreover, D. villosus is very well distributed invasive invertebrate in Europe, in the Rhine 

River where it is found cohabiting with other invasive Ponto-Caspian species (Emde et 

al., 2012). It has great capabilities for overland dispersal, and so it has invaded isolated 

water bodies such as Alpine lakes through recreational boating, and equipment including 

diving wetsuits, and ropes as vectors (Bacela-Spychalska et al., 2013). According to 

research conducted by Anderson et al. (2014) in the UK, this species is capable of 

surviving for up to 15 days out of the water in damp conditions. Therefore, it is still 

predicted as one of the seven Ponto-Caspian, gammarid invasive to the Great Lakes and 

the St. Lawrence basins (Pagnucco et al., 2015), as well as to the United States (NISIC, 

Mar 20, 2015). Despite its recent distribution and high dispersal capabilities, this species 

has not yet been introduced into the Great Lakes, which could be an indication of the 

effectiveness of ballast water regulations as its main pathway; however, it could still be 

introduced through recreational vectors imported by tourists. In fact, according to a survey 

conducted by Anderson et al. (2014) in the UK, at least 99% of anglers using their 

equipment outside the country do not wash it properly after being used, increasing the 

risk of introduction for aquatic species tolerant to air exposure, as well as canoeists. 

Despite the threat posed by recreational equipment, a vector that is not currently 

regulated in Canada, it does not guarantee the successful introduction of D. villosus, 

considering it is a process that also depends on many other factors including propagule 

pressure that would require more research, that would require more research for vectors 

other than ballast water. 
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Other important invasive species that have not yet been reported in Ontario are two 

species native to the Ponto-Caspian seas, the amphipod Chelicorophium curvispinum or 

Corophium curvispinum (Sars, 1895). This species is a long established invasive in 

Europe, introduced through the construction of canals and, so shipping (Hulme et al., 

2009). It is an amphipod of up to 8 mm long, very widespread in the UK, where it is 

recorded as non-native since 1935 (Dobson, 2012). It later spread to the Rhine River in 

1987 becoming highly abundant because of changes in temperature and water pollution 

(Molloy et al., 1997).  This species has a wide range salinity tolerance between 0-18ppt, 

capable of habiting in marine, brackish and freshwater ecosystems (Crawford, 1937), and 

it occupies the lowest trophic position compared to other invasive gammarid (e.g. P. 

robustoides, D. haemobaphes, and D. villosus; Bacela-Spychalska et al., 2013), and 

considered one of the most unwanted aquatic invasive in Europe (DAISIE, 2003). 

Therefore, it is has been considered a potential high-risk invasive invertebrate to Great 

Lakes basin from the past 17 years, through NOBOB vessels as one of its main pathways 

(Grigorovich et al., 2003a; Ricciardi & Rasmussen, 1998, Pagnucco, 2015), and because 

of its high abundance in Baltic Sea ports (Haenfling et al., 2011) and other European ports 

(Berg et al., 2002; Forcellini, 2012; Grabowski et al., 2007). 

On the other hand, the invasive mussel Corbicula fluminea, is in 9th place of the top 20 

most studied species, despite being one of the world worst invasive species. According 

to Strayer (1999) C. fluminea this species used to get much less research attention in the 

past when it was first discovered. However, currently, even recent invaders which have a 

similar environmental impact to the zebra mussel such as the Asian invasive mussel, 

Limnoperna fortunei introduced in South America (Karatayev et al., 2007) has already 
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received a lot of attention from the scientific community despite that it has not yet been 

recorded as non-native to North America and Europe. 

Table 3.  Most studied species of all 409 species on the non-native checklist (species with the 
most sources and references in the reviewed bibliography), and their respective category for 
North America and Ontario. For North America: Cryptogenic, C. Native to North America 
introduced outside the continent, NA1. Native to North America introduced within the 
Continent, NA2. Native to North America introduced within and outside the Continent, NA3. 
Non-native to North America, NN. For Ontario: Collected, CO. Established, ES. Native to Ontario, 
NO. Non-reported, NR. Potential, PO). Species in bold are not considered high-impact species. 

Species 
Category 

for Ontario 
Category for 

North America 
Group of 
species 

Sources References 

Dreissena polymorpha (Pallas, 1771)  ES NN Mussel 404 2893 
Dreissena bugensis  or Dreissena rostriformis 
bugensis (Andrusov, 1897) 

ES NN Mussel 
165 683 

Procambarus clarkii (Girard, 1852) CO NA3 Crayfish 110 656 
Bythotrephes longimanus (Leydig, 1860) or B. 
cederströmii (Schödler, 1877) or B. cederstroemi  

ES NN Cladoceran 
100 425 

Potamopyrgus antipodarum (Gray, 1843) or 
Potamopyrgus jenkinsi  

ES NN Snail 
91 429 

Orconectes rusticus  (Girard, 1852) ES NA3 Crayfish 76 373 
Pacifastacus leniusculus (Dana, 1852) NR NA3 Crayfish 76 296 
Cercopagis pengoi (Ostroumov, 1891) ES NN Cladoceran 74 265 
Corbicula fluminea (O. F. Müller, 1774) or 
Corbicula fluminali, or Corbicula largillierti 
(Philippi 1844) 

ES NN Mussel 
74 241 

Dikerogammarus villosus (Sowinsky, 1894) PO NN Amphipod 66 507 
Eriocheir sinensis ( H. Milne Edwards, 1853) CO NN Crab 66 381 
Chelicorophium curvispinum (G.O. Sars, 1895)  or 
Corophium curvispinum (Sars, 1895)  

PO NN Amphipod 
62 135 

Hemimysis anomala (G.O. Sars, 1907) ES NN Mysid 61 268 
Gammarus tigrinus (Sexton, 1939 ) ES NA3 Amphipod 58 144 
Echinogammarus ischnus (Stebbing, 1899) or 
Chaetogammarus ischnus 

ES NN Amphipod 
55 154 

Mysis relicta (Lovén, 1862) or Mysis diluvianus NO NA2 Mysid 52 165 
Orconectes virilis  (Hagen, 1870) NO NA3 Crayfish 52 126 

Astacus astacus  (Linnaeus, 1758)  NR NN Crayfish 50 135 
Orconectes limosus (Rafinesque, 1817)  NR NA1 Crayfish 47 140 
Austropotamobius pallipes  (Lereboullet, 1858) NR NN Crayfish 46 122 
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The most studied group of species, with the highest average number of sources and 

references among the 409 species on the checklist, are mussel, followed by crab, mysid, 

and crayfish; despite that, the most common non-native species on the checklist are 

copepods, snails, and parasites.  Again, these results could be the effect of well-studied 

high impact invasive zebra and quagga mussels, as well as the Chinese mitten crab 

Eriocheir sinensis (Figure 3). On the other hand, parasites, which is the third most 

abundant group of species on the checklist, have received considerably less research 

attention, accounting for a very small proportion of the total sources and references, 

occupying a 15th place. These results could be an indication of important knowledge gaps 

regarding other taxonomic groups in the field of invasion biology such as parasitic species.  

 

 

Figure 3. Most study group of species for all categories, according to the average number of 
sources and references. 
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With regard to the species’ categories in North America, the most studied categories, with 

the highest average number of sources and references (22 and 83 respectively) are those 

native to North America that have been introduced within and outside the continent (NA3). 

Because these species have a global impact, they seem to have received more research 

attention at a global level, which has had an influence on the number of publications (e.g. 

high-impact invasive species Gammarus tigrinus, Pacifastacus leniusculus, and 

Procambarus clarkii; EASIN, 2015). On the other hand, species that are non-native to 

North America (NN) is the second category for North America with the highest average 

number of sources and references (12 and 44 respectively) (Figure 4). Therefore, the 

greater amount of information regarding aquatic invertebrates that have a global 

environmental effect is beneficial for the purpose of conducting species’ risk assessments 

as a management tool for evaluating their potential threat to the environment.  

With respect to the species’ category in Ontario, the species with the highest average 

number of sources and references (61 and 351 respectively) are those that have been 

collected but failed to established populations (CO) such as the invasive Chinese mitten 

crab, Eriocheir sinensis, which is among the top 20 most studied invasive aquatic 

invertebrates. Despite the fact that non-native species established (ES) in the Great 

Lakes are considered to have a greater impact at the ecosystem level in the Great Lakes, 

and so receive more research attention (Ojaveer et al., 2002); they come in second place 

of average number of sources and references  (20 and 76 respectively). Less research 

effort put into non-native species that have been recorded in the Great Lakes region could 

be the result of a 13.2% of the 63 species recorded by GLASIS (2009) also reported as 
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non-native for Europe (Hulme et al., 2009), as an indication of their global impact, while 

24.5% of those species are also reported in USA.  

 

Figure 4. Most study species per category according to the average number of sources and 
references. Categories for North America: Cryptogenic, C. Native to North America introduced 
outside the continent, NA1. Native to North America introduced within the Continent, NA2. 
Native to North America introduced within and outside the Continent, NA3. Non-native to 
North America, NN. 

 

 

Figure 5. Most study species per category according to the average number of sources and 
references. Categories for Ontario: Collected, CO. Established, ES. Native to Ontario, NO. Non-
reported, NR. Potential, PO. 
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4.1.2 Species listed  
 

A total of 143 non-native species of the 409 species on the checklist are not listed on 

existing checklists for North America and Europe, representing 35% of the total species  

(Aquatic Invasive species regulation, 2014; GLANSIS, 2009; Lui et al., 2010; Royal BC 

Museum, 2011; USGS, 2014; EASIN, 2015; Hulme et al., 2009; DAISIE, 2003). Those 

species recorded as established (ES) non-native in Ontario or the Great Lakes region 

appear more frequent in the reviewed species’ checklists, followed by species that have 

not yet been reported (NR), while potential species (PO) tend to be less frequently listed. 

Therefore, there seems to be a tendency to listing species once they are established in 

their non-native environment (Figure 6). 

 

Figure 6. Cumulative number of species listed in each category for Ontario (listed in regulatory 
and scientific checklists). Categories: Collected, CO. Established, ES. Native to Ontario, NO. 
Non-reported, NR. Potential, PO. Checklists reviewed: Canadian federal regulation (Aquatic 
Invasive species regulation, 2014), Great Lakes database (GLANSIS, 2009), Ontario field guide 
(Lui et al., 2010), British Columbia (Royal BC Museum, 2011), United States Geological Survey 
(USGS, 2014), High Impact Invasive Species in Europe (EASIN, 2015), Europe’s Alien species 
(Hulme et al., 2009), World’s worst invasive species (DAISIE, 2003). 
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The aquatic invertebrates that appear listed in existing Canadian checklists: the proposed 

federal regulations (Aquatic Invasive Species Regulation, 2014), the Ontario’s invasive 

species field guide (Lui et al., 2010), the Great Lakes invasive species database 

(GLANSIS, 2009), and the Royal BC Museum (2011); are mostly non-native species 

already recorded as established in Ontario or the Great Lakes region (Table 4). However, 

species considered potential non-natives (PO) to Ontario or the Great Lakes are generally 

not included in Canadian checklists. In fact, the snail Pomacea canaliculata is the only 

species considered a potential invasive that appear listed in the Ontario’s invasive 

species field guide (Lui et al., 2010). However, the majority of the non-reported (NR) and 

potential (PO) species to Ontario or the Great Lakes are already listed in European and 

the USA checklists. Particularly most of the potential invasive are already established in 

Europe (42.7%) including five high-impact species. Moreover, 28% of the total non-native 

species considered non-reported (NR) to Ontario are already recorded in Europe and 

46% in the USA.  
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Table 4. Number of species per category that appear listed in existing non-native checklists. Categories for North America: 
Cryptogenic, C. Native to North America introduced outside the continent, NA1. Native to North America introduced within 
the Continent, NA2. Native to North America introduced within and outside the Continent, NA3. Non-native to North America, 
NN. Categories for Ontario: Collected, CO. Established, ES. Native to Ontario, NO. Non-reported, NR. Potential, PO). 
 

Category 
Number 
of species 

Canadian Federal 
Invasive species 
regulation1 

Great Lakes 
(GLANSIS, 
2009)2 

Ontario 
(Ontario’s field 
guide)3 

British 
Columbia4 USA5 

Europe’s 
High 
Impact6 

European 
Alien 
Species7 

World’s worst 
invasive 
species8 

CO 3 1 0 0 0 2 2 2 2 

NA3 1     1 1 1 1 

NN 2 1    1 1 1 1 

ES 103 15 63 11 6 43 11 23 5 

C 8     1    

NA2 8  6 1  7    

NA3 3 1 2 1  3 1 2  

NN 84 14 55 9 6 32 10 21 5 

NO 42 0 0 0 1 21 1 12 0 

C 1         

NA1 19     2 1 9  

NA2 17    1 14    

NA3 6     5  3  

NR 185 0 0 0 0 85 11 52 1 

NA1 9     1 1 3  

NA2 31     28    

NA3 11     8 2 6  

NN 134     48 8 43 1 

PO 75 0 0 1 0 4 5 32 2 

C 3       1  

NA1 1         

NA2 6         

NA3 4     2  2  

NN 61   1  2 5 29 2 

Total 409 16 63 12 7 155 30 121 10 

                                                             
1 (Aquatic Invasive species regulation, 2014), 
2 (GLANSIS, 2009) 
3 (Lui et al., 2010) 
4 (Royal BC Museum, 2011) 
5 (USGS, 2014) 
6 (EASIN, 2015) 
7 (Hulme et al., 2009) 
8 (DAISIE, 2003) 
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4.1.3 Main pathways or vectors for species on the checklist 
 

Non-native species on the checklist use a great variety of pathways for their introduction 

in non-native freshwater ecosystems. Shipping, including the construction of canals, 

ballast water and no-ballast on board ships (NOBOB), appear to be the main pathway of 

introduction for aquatic invertebrates outside their native range (Figure 7), especially for 

crustaceans (mainly copepods, amphipods, and cladocerans), and mollusks (mainly 

mussels) already established in Ontario and the Great Lakes as well as for those 

considered potential non-native. Moreover, shipping is the most important pathway of 

introduction for non-native species to North America (NN). The greater number of species 

introduced through shipping could be the result of more available literature reporting this 

pathway for non-native aquatic invertebrates recorded as established (ES) and potential 

(PO) to the Great Lakes region. In fact, in the 1990s more research funding was given to 

ballast water and tank management and assessment in the Great Lakes region, which 

resulted in an increase number of publications about this pathway (Steinberg et al., 2007). 

The second most important pathway especially for species that have not yet been 

reported in Ontario, is the aquarium and ornamental trade; followed by aquaculture 

activities, and the live bait. Crustaceans (crayfish) and mollusks (snails) are the main 

taxonomic groups introduced though the aquarium and ornamental trade, results that are 

similar for shipping. Particularly mollusks such as invasive snails are very good passive 

dispersers (Kappes & Haase, 2012), through overland transport, natural and 

anthropogenic mediated movements, because of their ability to tolerate several 

environmental stressors including desiccation for up to several days (Havel, 2011) which 
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makes them very successful invaders. The introduction of host species seems to be the 

main pathway for at least 24 parasites species already established in the Great Lakes 

including Dactylogyrus sp. Ichthyocotylurus pileatus, Pseudacolpenteron pavlovskii. On 

the other hand, recreational activities is one of the least used pathways of introduction of 

non-native species. However, the very small amount of species that have been introduced 

through recreational activities could be result of less research effort being dedicated to 

this pathway despite that it plays an important role in spreading already established non-

native species in North America to inland waterways.  In fact, according to Anderson et 

al. (2014), a similar situation has been observed in the UK, despite the high volume of 

recreational anglers and canoeists, and their role in dispersing invasive species.    

 

Figure 7. Number of species per category in each pathway. Categories for Ontario (Collected, 
CO. Established, ES. Native to Ontario, NO. Non-reported, NR. Potential, PO). Pathways 
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represented by general categories: aquaculture (stocking, animal forage, live food); aquarium 
trade (ornamental trade, online pet stores, hitchhiker on imported plants); shipping (ballast 
water and sediment, residual water and sediment on no ballast on board vessels (NOBOB), 
construction of canals, hull fouling), reservoirs (construction of reservoirs), research 
(educational, biological control, biomodels, restoration and conservation), host (parasite host), 
Live bait, Recreational (any recreational activity or equipment including fishing), boots and 
overland transportation (mud attached to vehicles and their parts, including military 
equipment), natural (birds, climatic events such flooding, temporary ponds, natural drifting). 

4.1.4 High impact species 

At least 46 species on the checklist are considered to have a high impact on the 

environment, in part because of their wide tolerance to environmental conditions including 

salinity, and resistance to dissection (Appendix 8.2, Table 5). In particular, 30 of these 

species were already considered as high-impact according to European database, EASIN 

(2015). The most represented group of species among high impact non-native species 

are crayfish and snail, followed by mussel, amphipod, fluke parasite, jellyfish, cladoceran, 

and mysid (Figure 8). These results are different from those obtained for the 409 species 

on the general checklist. For example, non-native copepod species is the most 

represented taxonomic group on the general checklist; however, none of them is 

considered a high impact species. On the contrary, crayfish species, the most 

represented group among high impact species, is the fourth most represented group on 

the general checklist. Snail still remain the second most represented group of species in 

both checklists as an indication that a high proportion of snail (mollusk) as well as crayfish 

(crustacean) species on the general non-native species checklist are mostly high impact 

species, while high impact parasites are less common. 
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In fact, crustaceans and mollusks are considered the most problematic group of non-

native freshwater invertebrates because of their high impact on the ecosystem and the 

economy particularly crayfish species (Buric et al., 2013; Capinha & Anastacio, 2011), 

snails (Douda et al., 2012), and mussels (DAISIE, 2003). In Europe, crayfish species are 

considered the most common and problematic non-native aquatic invertebrates, 

particularly Cherax destructor, Eriocheir sinensis, Pacifastacus leniusculus, and 

Procambarus clarkii (Capinha & Anastacio, 2011), while in North America the rusty 

crayfish, O. rusticus introduced into Ontario as live bait has caused significant 

environmental damage (Kerr et al., 2005). Therefore, the rusty crayfish is prohibited as 

live bait in Ontario (Peters & Lodge, 2009) and proposed for listing on federal regulation 

under the Fisheries Act (Aquatic Invasive Species Regulations, 2014). According to risk 

assessments conducted by Tricarico et al. (2010), O. rusticus is also considered a high-

risk invasive species to Italy. 

  

Figure 8. Most represented group of species among high impact species according 
(percentage of species per group). 
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According to the proportion of high impact species per category for Ontario, almost half 

of them (46% of the species) have established populations (ES) in Ontario or the Great 

Lakes basin, while 31% of the species have not yet been reported (NR), and 17% of them 

are recorded as potential invasive (PO) (Figure 9). Therefore, there is high proportion of 

high impact species that pose a threat to Ontario’s aquatic ecosystems, so preventing 

their introduction is crucial to avoid further environmental damage.    

 

 

Figure 9. Percentage of high-impact species per category in Ontario (Collected, CO. 
Established, ES. Native to Ontario, NO. Non-reported, NR. Potential, PO). 

 

Despite that the number of high impact species only represent 11.2% of the total species 

on the general checklist, they account for the higher number of literature sources and 

references compared to species that have unknown or low environmental impact (Figure 

10). These results indicate that more research effort have been put into these species, 

especially those of Ponto Caspian origin (Ojaveer et al., 2002). In fact, this knowledge is 

indeed essential to prevent the spread of high impact invasive species already 
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established in Ontario or the Great Lakes and to prevent the introduction and 

establishment of those that have not yet been introduced.  

On the other hand, there is a huge knowledge gap for the remaining 88.8% of the species 

on the non-native general checklist. This knowledge gap could potentially increase the 

risk posed by some of the species if introduced and becoming invasive in future. In part, 

the lower amount of scientific information with regard to these species could affect their 

evaluation through risk assessments compared to those of known impact. Unfortunately, 

most of the research about high impact species has been done after the species 

introduction and establishment in the natural environment, which has resulted in a 

significant increase in invasion biology publications in the last 25 years, particularly in 

North America after the introduction of the zebra mussel. 

 

Figure 10. Average number of sources and references for species considered to having a high 
impact on the ecosystem, and for those which impact is low or unknown (Other). 
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the largest average number of literature sources and references. However, species 

considered potential invasive to Ontario (PO and NR) account for the lowest number of 

sources and references even though they represent 48% of the total species identified as 

high-impact.  These results indicate that there is a reactive response from the government 

and researchers towards species that have been already introduced into Ontario or the 

Great Lakes and are causing a lot of damage to the environment, compared to species 

that pose a potential threat. Thus, more research about non-native species that could 

potentially become invasive in Ontario is important for the purpose of risk assessments 

(Figure 11). In addition, the similarity between the results obtained for species on the 

general checklist and the results for high impact species is probably because of the strong 

influence the values for the average number of literature sources and references for high 

impact species have on the results for the 409 non-native species. 

 

Figure 11. Average number of sources and references in the literature for high-impact species, 

per category in Ontario (Collected, CO. Established, ES. Native to Ontario, NO. Non-reported, 

NR. Potential, PO). 
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Only 10 groups of species were identified among high impact non-native freshwater 

invertebrates, compared to 20 group species identified on the general checklist. Mussels 

still account for the highest number of literature sources and references as well as crab 

species because the large of publications about zebra and quagga mussels, as well as 

the Chinese mitten crab (Figure 12).  However, it is important to notice that only nine of 

the 10 most studied group species on the general checklist are also the most represented 

among high impact species, suggesting that the average number of sources and 

references for high impact species significantly influence the results for the 409 species 

on the general checklist. Moreover, parasites remain the less studied group of species 

even though they have a high impact on the environment, particularly on animal and 

human health.  

 

Figure 12. Most study group of species among high-impact species according to the average 
number of sources and references. 
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such as salinity, resistance to desiccation, as well as temperature resulting in their broad 

geographic distribution. Only 10 of these species are already established (ES) in Ontario 

or the Great Lakes, while the rest (14 species) represent potential invasive species 

(Appendix 8.2, Table 5). It is important to take into consideration if species have a wide 

range tolerance to environmental conditions to evaluate their likelihood of establishing in 

Ontario and becoming invasive in the future. Moreover, this information is particularly 

important to evaluate their chances of survival and transport through a pathway. However, 

other important factors should be taken into consideration for evaluating the risk posed 

by potential species such as quantitative risk assessments that go beyond analysis based 

on salinity, and temperature tolerances.  

For high impact species, shipping is also the main pathway of introduction, followed by 

the aquarium trade, aquaculture and recreational activities (Figure 13). Moreover, these 

species have a great capacity for using natural vectors particularly most of the crayfish 

species, while many high-impact parasites are introduced and spread through non-native, 

as well as native host species (e.g. the parasite Bothriocephalus acheilognathi; 

Marcogliese, 2008). Currently at least five high impact species, mainly snails and crayfish 

are available for purchasing online, from aquarium stores and websites such as Kijiji 

including three non-native species to North America, one established species (ES), 

Corbicula fluminea, and two non-reported species (NR), Melanoides tuberculata, and 

Cherax destructor (Appendix 8.2, Table 5).  
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Figure 13. Number of high impact species per pathway. Pathways represented by general 
categories: shipping (ballast water and sediment, residual sediment on vessels with no ballast 
on board (NOBOB), construction of canals, hull fouling); aquarium trade (ornamental trade, 
online pet stores, hitchhiker on imported plants); aquaculture (stocking, animal forage, live 
food); recreational (any aquatic recreational activity or equipment including fishing); natural 
dispersal (birds, climatic events such flooding, temporary ponds, natural drifting); host 
(parasites host); live bait; mud attached to boots and vehicles (overland anthropogenic 
mediated dispersal through mud attached to boots, vehicles and their parts) research (field 
and laboratory research, educational activities, biological control, restoration and 
conservation). 

4.2 Policy analysis 

According to government officials Ontario’s Bill 37 “An Act Respecting Invasive Species” 

was introduced in 2014 because of a “much-needed” and “long-time overdue” legal 

framework at the provincial level to better protect Ontario’s environment from invasive 

species which number increased considerably over the years, especially aquatic species 

in the Great Lakes. First, Ontario did not have the resources to fight invasive species, so 

it was relaying on education and awareness as well as on the Federal Government as the 

responsible authority for preventing and controlling invasive species through existing 
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policies such as the Water Ballast Regulations under the Canada Shipping Act. However, 

the province realized that, those actions were not effective and that provincial legal power 

was needed to solve the problem of invasive species in Ontario through effective 

prevention, control and eradication measures, by having “a formal mechanism of 

response”. Therefore, Ontario’s Bill 37 is the very first Invasive Species Act in Canada 

and the most relevant management initiative that will give the provincial government the 

authority to taking appropriate legal action towards preventing and controlling invasive 

species in Ontario. The government is convinced that Bill 37 is a great piece of legislation, 

very well supported by stakeholders in the province that will help protect Ontario’s 

ecosystem from invasive species, as well as save millions of dollars currently used in 

control and eradication efforts. Therefore, the implementation of the Ontario’s Bill 37 is 

crucial to fulfill its purpose. 

Despite the increased number of invasive species in Ontario and their environmental 

impact, circumstances such as the knowledge gap about some invasive species and their 

impact, as well as gaps in existing government policies needed to be investigated before 

proposing a legislation. In fact, there are many policy gaps at the federal and provincial 

level that need to be filled in order to effectively prevent the introduction and spread of 

existing and potential invasive species into Ontario, especially aquatic invasive (Smith et 

al., 2014; Kerr et al., 2005). Particularly invasive invertebrates such as zebra and quagga 

mussels are still of great concern for many watersheds in Ontario because of their high 

impact on the ecosystem (Nicholls et al., 2011; Pagnucco et al., 2015; D. F. Reid & 

Wilkinson, 2013; Ricciardi, 2015; Zaiko et al., 2014). Therefore, a provincial legislation for 

invasive species has been finally proposed. 
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4.2.1 Classification and listing of species 

Ontario’s Bill 37 takes a precautionary approach to the management of invasive species 

by taken into consideration all suspected species of posing an uncertain level of threat to 

the environment, as “significant threat invasive”, during the initial process of the species 

classification for the purpose of regulation, which will initially prevent the introduction and 

spread of most suspected invasive species. However, the consideration of species as a 

suspected invasive will be subject to an order by the Minister that will eventually expire at 

least in two years or until the species is listed in regulation (Bill 37, 2014). These 

conditions may still put at risk aquatic ecosystems for species which evaluation to 

determine their level of threat go beyond the order’s expiry date. According to officials, 

the current risk assessment process for one species could take a significant amount of 

time because of the high volume of information required about each species. At least 45% 

of the 409 non-native species on the non-native freshwater invertebrates included in the 

checklist have not yet been reported in Ontario or the Great Lakes, and only 16 already 

established species have been proposed for their inclusion in Federal regulation; however, 

none of them parasites (Aquatic Invasive Species Regulations, 2014). Thus, there are 

still several species to be considered by the provincial government for their inclusion in 

regulation under Ontario’s Bill 37 which evaluation time is unknown.  

Government official agree that the existing scientific knowledge regarding invasive 

species will be mostly used to develop regulations unlike for developing Ontario’s Bill 37, 

despite that it has a strong scientific foundation. However, it is important to acknowledge 

that most of the scientific information about invasive species is concentrated on those 
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species that are already established in Ontario or the Great Lakes, which only represent 

25% of the species on the checklist, leaving most species with limited information, which 

may difficult their evaluation. For example, risk assessments for emerging and potential 

invaders could be challenging because of limited scientific information particularly high-

impact parasites, and some crustaceans, while it could favor species that have received 

more research attention. According to Dana et al. (2013), limited information with regard 

to certain taxa could bias the outcome of the assessments. In fact, results from the 

checklists shown that high impact species, which only represent an 11.2% of the total 

species on the checklist, which risk has been evaluated in some cases through risk 

assessments, account for most of the sources and references from the literature. 

Moreover, the total number of sources and references as well as their average for all the 

aquatic invertebrates proposed for listing on the Canadian Invasive Species Federal 

Regulations is significantly higher, than for the rest of the rest of the species considering 

that listed species only represent 4% of the 409 non-native species, and 35 % of the total 

high-impact species. 

On the other hand, Bill 37, however, does not provide clear information on whether the 

prescription of species in regulation will be subject to a quantitative evaluation such as 

risk assessments. In fact, the evaluation of the level of threat pose by a species as a 

condition for listing it as high or moderate threat species will be mainly based on their 

impact, dispersal capabilities, and species’ biology (Bill 37, 2014). However, the proposed 

legislation should clearly indicate if a risk assessment would be required for determining 

the level of threat posed by a species. In fact, quantitative species’ risk assessments are 

highly recommended as an effective tool for predicting the risk posed by non-native 
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species, and so preventing their introduction and spread (Kerr et al., 2005; Lodge et al., 

2006; Pagnucco et al., 2015; Tricarico et al., 2010; Vilizzi & Copp, 2013; Wu et al., 2010). 

In addition, it is crucial that the evaluation of species through predicting tools take into 

consideration other critical factors such as social, economic, technical, institutional, as 

well as political (Dana et al., 2013). However, officials explained that regulations listing 

species will be carefully created based on the best available science, and according to a 

regulatory impact assessment process that will considered not only the environmental 

benefits of the policy but also the social and economic consequences before they are 

approved and any action concerning specific species is taken.  

It is also important that policy makers and managers take into consideration that species 

receiving the category of moderate threat, as well as those not considered invasive and 

not included in regulations, could eventually become “significant threat invasive species” 

in the future because of the high level of uncertainty around invasive species. According 

to Ricciardi & Cohen (2007), there is no direct relationship between the species’ 

invasiveness and impact on the environment that could help us predict how species are 

going to behave based on these two factors. In fact, in many cases species considered 

to pose a low risk to the environment, have been allowed entry to a country, for economic 

purposes, and years later recorded as invasive because of time lags or climatic factors. 

This has been the case for many invasive species introduced as pets though the aquarium 

trade in North America (e.g. one of world’s worst invasive species, the snail Pomacea 

canaliculata; Duggan, 2010) and in Europe (e.g. the crayfish Procambarus fallax f. 

virginalis; Chucholl et al., 2012). In Ontario, the rusty crayfish was introduced for use as 

live bait, but later considered an invasive species in the Great Lakes, triggering a 
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regulatory response along the Great Lakes’ jurisdictions in the United States many years 

after its first introduction, and 39 years later in Ontario where it is a prohibited as live bait 

species under the Fisheries Act (Peters & Lodge, 2009). Therefore, species’ quantitative 

risk assessments, before non-native species are allowed for introduction into Ontario, is 

an essential management tool to protect Ontario’s aquatic ecosystems from invasive 

species.   

Particularly, invasive parasite species are more likely to remain undetected for years after 

been introduced into the wild through their host, or until they start creating problems 

(Mastitsky et al., 2014), because of factors such as sudden changes in environmental 

conditions (Crowl et al., 2008). On the contrary, some species have been introduced 

because they were thought to be beneficial for the economy, but turned to be invasive 

and very detrimental for the ecosystem and the economy.  For example, the South 

American snail Pomacea canaliculata, was introduced as a supplementary food source 

in Asia; however, it is now considered a high impact invasive species in Asia, also an 

important host for pathogenic parasites (Vitousek et al., 1997). Moreover, in the United 

States, Pomacea canaliculata used to be imported as pet through the aquarium trade, 

activity that is now prohibited by the United States Department of Agriculture because of 

its impact on agriculture, unless for use in research (USDA, 2015).  

4.2.2 Management of pathways 

Ontario’s Bill 37 takes into consideration most pathways, vectors or carriers of non-native 

aquatic organisms by including “anything capable of facilitating the movement of an 
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invasive species” which can be interpreted as any vector including biological organisms 

(e.g. viruses, bacteria, as well as a host of invasive species) therefore filling an existing 

policy gap for many unintentional vectors. According to Smith et al. (2014), there is a need 

in Ontario to control aquatic invertebrates recorded as parasites that were not regulated 

by other policies as a way of ensuring effective environmental protection against invasive 

species, similar to policies intended to ensure national biosecurity by controlling all 

invasive species. However, officials argue that Ontario’s Bill 37 will not cover pathogens; 

therefore, the type of vectors considered under the proposed legislation should be clearly 

listed including pathogens and not only host species at least on regulation given that 

pathways as well as the species’ classification will be subject to regulation.  

Despite many aquatic species, particularly invertebrates are introduced unintentionally, 

through vectors such as recreational boating, and that those vectors are considered in 

Ontario’s Bill 37, regulations would be mainly focusing on avoiding intentional 

introductions because the government’s main intention through the implementation of Bill 

37 is not to make people in non-compliance with the law when introducing non-native 

species unintentionally. Instead, officials argue that this legislation will be crucial to make 

it illegal for people to introduce intentionally non-native plants and animals into the wild 

by prohibiting the commercialization, possession, transport and propagation of high-risk, 

high-impact species by allowing provincial inspectors to check for invasive species, and 

enforce the law. Therefore, the effective management of pathways through regulation 

such as mandatory boat cleaning, for example, would be essential in preventing the 

introduction and spread of many aquatic invasive invertebrates that are invisible to the 

naked eye and difficult to look for in a pathway, therefore introduced unintentionally.  
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Despite the need and importance of invasive species legislations for protecting the 

environment from invasive species, there are still other actions to “think about”; as one of 

the frequent words throughout the interviews, as a means of all the work that still need to 

be done after Bill 37 is passed. First, officials agree that regulations are indeed crucial for 

a legislation to be effective. In fact, they argue that despite proposed legislations, 

including Bill 37, are very well developed, and most of the time based on the best available 

sciences; implementation fails because regulations are not created. In fact, regulations 

for managing invasive species and their pathways have to be developed still, a process 

that will take some time after legislation is passed including the allocation of resources in 

order to ensure compliance. 

On the other hand, there is a consensus that invasive species is a very complex issue 

with many factors involved because of the  many different pathways of introduction and 

spread for several species from aquatic to terrestrial, plants, and animals (vertebrates, 

and invertebrates). Consequently, the implementation of preventive measures should be 

prioritized; however, there are still some knowledge gaps regarding the best way of 

preventing species’ introductions through certain pathways, especially unintentional 

pathways, which makes the management of aquatic invertebrates more problematic or 

challenging. Therefore, invasive species research should continue and increase in order 

to help with the design of regulations.  

If regulations are not developed for pathways, which are key for prevention, the Ontario 

government will not have the authority to protect aquatic ecosystems from invasive 

species, particularly those invertebrates that will not be regulated by the proposed Federal 
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Invasive Species Regulations, and that are introduced through unintentional pathways 

not covered by existing legislations. In fact, policies intended to control pathways is the 

most cost-effective management strategy for preventing species introduction and spread 

(Bailey et al., 2011; Roy et al., 2014) compared to those focus only on species, especially 

if non-native species are managed differently across neighboring jurisdictions, and they 

are introduced unintentionally (Peters & Lodge, 2009).  According to Johannsson (2007), 

the washing of fishing equipment, including boats has the capacity to significantly reduce 

the probability of a lake to be invaded by the already established in the Great Lakes, B. 

longimanus if 80 % of people comply with such measures. Hence, the effective 

management of pathways would be crucial to avoid accidental releases of any species; 

including those of moderate threat and those not included in regulation. 

4.2.3 Prohibited Activities 

Activities prohibited under the proposed provincial policy will be subject to the 

classification of species as “moderate threat invasive species, or significant threat 

invasive species” depending on their level of harm to the environment (Bill 37, 2014). In 

fact, most prohibitions to introduced species through pathways into Ontario, including 

their deposit and release, will only apply to invasive species classified as “significant 

threat”, subject to their “likelihood” to increase threat to the Ontario’s environment which 

is a vague terminology considering the uncertainty regarding the impact of invasive 

species which would have to well defined in regulation.  

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 88 of 136 
 

On the other hand, moderate threat species as well as other recorded non-native species 

will be allowed for introduction into the province with the exception of provincial parks and 

conservation areas (Bill 37, 2014). However, it should be taken into consideration that 

these species might still pose a high-risk to provincial parks and conservation areas if 

released into the natural environment and transported by natural and non-regulated 

anthropogenic vectors. In addition, non-native species which introduction will be 

authorized under the provisions for the purpose of research, for example, may as well be 

accidentally released. In fact, many non-native species have great dispersal capabilities 

though natural vectors that should be closely taken into consideration before allowing the 

introduction of species (Refer to section 2.2.1.8 for examples).  

4.2.4 Monitoring and compliance  

The monitoring of the natural environment is the second most important management 

strategy to prevent the introduction and spread of invasive species (Roy et al., 2014; 

Simberloff et al., 2013; Riley, 2005). Therefore, Ontario’s Bill 37 includes preventive 

measures such as surveys, through regular inspections conducted by inspectors with the 

purpose of monitoring and compliance. Considering that ensuring compliance with ballast 

water regulations is essential for preventing the introduction of non-native species into 

the Great Lakes (Bailey et al., 2011); ensuring compliance with the proposed Ontario’s 

Bill 37 is crucial for preventing the introduction and spread of non-native species through 

the aquarium trade, and aquatic recreational activities.  
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Because the intention of Bill 37 is not to make everyone in non-compliance with the 

legislation when the accidental introduction of species listed in regulation occurs, 

regulations intended to prevent unintentional introductions should be given a priority 

(Simberloff et al., 2013; Kerr et al., 2005, Smith et al., 2014) such as recreational activities 

(boating, canoeing, fishing, etc.) (Bacela-Spychalska et al., 2013; Gherardi, 2007; Kerr et 

al., 2005; Ricciardi, 2006; Stasko et al., 2012). Particularly, the prioritization of 

management strategies intended to prevent the introduction and spread of species that 

pose a high-risk to the environment as well as their pathways is crucial for the effective 

management of most non-native species (Roy et al., 2014), including other species using 

the same pathways. 

Officials agree that monitoring and inspections should also be given a priority as 

preventive measures, as well as to ensuring compliance, however it should be taken into 

consideration that there are still budget and resources constrains at the provincial level. 

These constrains such as the number of inspectors, park wardens, and conservation 

officers, as well as the resources they need to perform their job will have to be resolved 

especially in places that received a great amount of visitors from different areas during 

especial events such as fishery tournaments. According to officials, the allocation of 

resources for the effective implementation of the invasive species act would be 

challenging considering the past and current economic and administrative situation of the 

Ministry of Natural Resources (MNR), the complexity of the issue, and the experience 

with other good legislations that “failed on the implementation because did not staff it 

properly”. Therefore, more cost effective measure such as regulations prohibiting the 
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commercialization and distribution of at least high-risk non-native species should be given 

priority. 

According to the interviewers, park wardens could be given the category of inspectors 

under Ontario’s Bill 37; however, sometimes resources are not available to designated 

officials, despite the fact they have a crucial role in protecting the province’s natural 

environment. Therefore, regular citizens have had to play the important role of being the 

first detecting invasive species. In fact, regular citizens make a valuable contribution to 

the management of invasive species (Lodge et al., 2006). In Ontario, invasive species 

management has relied for almost 22 years on voluntary measures and ordinary citizens 

for preventing and monitoring invasive species through programs such as the Ontario 

Invading Species Awareness Program. In fact, it has been demonstrated that even the 

Federal government has difficulties allocating resources to protect aquatic ecosystems. 

In fact, even though preventive measures such as ballast water regulations are effective, 

there is still a need for conducting inspections in order to ensure compliance and minimize 

the overall risk of invasion (Bailey et al., 2011).  

There are about 250,000 lakes are found in Ontario (Kerr et al., 2005); however, only one 

boat washing station is currently under operation in Ontario, in Barrie Marina, which 

opened in 2013 (Holdforth, July 5, 2013), while there was one mobile station in 

Peterborough, but discontinued in 1996 because of operational costs (Jensen, 2009). 

Therefore, this is another indication that the province does not have the necessary 

resources in terms of infrastructure to manage important vectors such as recreational 

boating. However, there are other measures that might as well be implemented, such as 
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“clean boat” self-certification programs, a successful strategy that has been implemented 

in the United States to prevent the spread of zebra mussels through recreational boating, 

which does not require the use of on-site washing stations (Palmquist et al., 2008). 

Certainly, management programs, which give people the option of ensuring compliance 

at their own expenses seems to be a more affordable management strategy, as well as 

convenience for users. However, these challenges could open an opportunity for the 

implementation of novel management strategies as well as the creation of partnerships 

between levels of government and the private sector in order to find solutions to ensure 

compliance with regulations, and so the prevention of invasive species. In fact, the 

creation and finding of tools to fight invasive species is considered crucial for preventing 

the introduction and spread of invasive species, but also increase support for research in 

this area is indeed necessary (Sepulveda et al., 2012). Moreover, increased collaboration 

between different jurisdictions and stakeholders is highly recommended for the effective 

management of aquatic invasive species through the implementation of consistent 

management strategies (Pagnucco et al., 2015; Zook & Phillips, 2012) particularly in the 

Great Lakes region where there are already many inter jurisdictional management bodies 

that lack consistency in terms of policies and regulations (Peters & Lodge, 2009). 

Despite the fact that taking economic advantage of already established invasive species, 

is known as a good control method for invasive species, as well as the assisted 

introduction of species is good for the purpose of conservation (Capinha et al., 2013), 

unless an agreement is signed (Bill 37, 2014), these practices could be considered non-

compliance under Ontario’s Bill 37. In fact, the possession, and transport of species listed 

will be prohibited, not allowing for the harvesting of the listed species unless otherwise 
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authorized through an order or agreement between parties, which does not clearly 

mention regular citizens (Bill 37, 014). Therefore, it is important to ensure that people 

contributing to the Ontario Invading Species Awareness campaign or taking a volunteer 

action will not be in non-compliance under the proposed policy, no matter the good 

intention, including the harvesting of species for the purpose of control and eradication. 

Therefore, the possession of listed species with the purpose of early detection, 

eradication, and control by people other than researchers, and appointed officers should 

be taken into consideration in Bill 37 and its future regulations, by clearly indicating how 

to proceed in each case.  

It is important to recognize that all species will be targeted by preventing measures such 

as surveys, despite their classification, allowing for the early detection of any non-native 

species as long as surveys, as well as inspections take place by inspectors. Despite, 

inspectors will not be allowed to enter buildings used as dwellings, they may inspect them 

for the purpose of compliance under a warrant, which will ensure that people having a 

home business, (e.g. aquarium and ornamental trade), are also controlled by the Bill 37. 

However, even though the web is also considered an important pathway for invasive 

species in the technological age, nothing is said about the monitoring of websites as a 

vector for the purpose of compliance. Currently there are 13 non-native species on the 

general checklist that are currently for sale online across North America, five of them high-

impact species, including the already established in the Great Lakes, the snail Corbicula 

fluminea (Appendix 8.2, Table 5).  
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The proposed legislation, also includes prevention and response plans, but they also 

focus on species that will be classified as invasive species, especially those of significant 

threat, as well as other species unless an agreement for management is signed, which 

may permit parties to be involved in prohibited activities (Bill 37, 2014). On the other hand, 

prohibitions do not apply when species are used for education, research, prevention, 

control, and eradication purposes, despite these activities could be important pathways, 

especially if activities take place in contaminated areas, and the resources to control 

pathways are not available. Moreover, it is important to recognize that inspectors will have 

to make people aware of invaded areas by placing a sign containing the required 

information (Bill 37, 2014). However, the conditions of the agreement should be clearly 

stated in regulations in order to reduced potential risks associated with activities that 

otherwise would be prohibited. Therefore, the prevention of establishment and spread 

through regular monitoring, and early detection should be prioritize in second place, only 

if prevention fails, followed by control (Simberloff et al., 2013). 
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5 Conclusions 
 

The Ontario’s Bill 37 has taken into consideration most known pathways or vectors for 

aquatic invasive invertebrates according to the current state of knowledge of the issue, 

so they will be considered vectors of invasive species, including host species. However, 

the proposed legislation does not include details about how to ensure species are not 

carried through vectors; this will depend on how regulations are developed. Therefore, 

the evaluation of how the proposed Ontario’s Bill 37 will protect the provinces aquatic 

ecosystems through the management of vectors is uncertain given that regulations have 

not yet been developed. 

Despite most non-native species suspected of posing a level of threat to the environment 

if released into the wild will be initially considered to pose a significant level of threat and 

subject to regulation under the Ontario’s Bill 37, the Bill does not provide enough 

information about how species would be evaluated. In fact, to determine the level of threat 

posed by a species to the environment it is also necessary to take into consideration 

additional factors other than the species’ biology, their impact on the environment and the 

economy, and dispersal abilities briefly mentioned in the Bill. It does not also explain how 

this information is going to be used, and it does not mention if qualitative or quantitative 

risk assessments will be required. Therefore, it is difficult to evaluate how effective the 

Ontario’s Bill 37 is going to be in classify and listing species according to their level of 

threat.  
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Moreover, species with different levels of threat are going to be regulated differently under 

Ontario’s Bill 37, in order to allowed entry of non-native species of economic interest. 

Despite the fact that all species may use the same pathways regardless of their level of 

threat, and that checking for invasive aquatic invertebrates in vectors could be challenging, 

their classification as moderate or high threat species might not be ideal for the purpose 

of compliance.  Instead, the regulation of pathways for these species could be more 

effective and feasible to implement than prohibiting the release, possession, and transport 

of specific species.   

At least 409 aquatic invertebrates have been recorded as non-native around the world, a 

number that is expected to increase in the future. Almost 64% of all the species pose a 

potential threat to Ontario’s aquatic ecosystems and should be taken into consideration 

for their classification as invasive species under Bill 37. Only 46 species, including those 

already established and proposed for federal regulation under the Fisheries Act, have a 

significant impact on the environment according to the literature; however, 48% of these 

species could potentially become invasive species in Ontario if introduced into the natural 

environment. Therefore, the implementation of Bill 37 is crucial for protecting Ontario’s 

freshwater ecosystems from non-native aquatic invertebrates, especially those that have 

not yet been introduced into the natural environment. 

Certainly, Ontario’s Bill 37 has the capacity to prevent the introduction and spread of 

aquatic invasive invertebrates at the provincial level; however, its effective 

implementation will also depend on the proper allocation of resources especially at high-

risk places, the correct evaluation of species, the management of pathways, and the 
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effective monitoring of compliance. However, it would be also necessary to address 

existing knowledge gaps through more research grants provided to projects studying non-

native aquatic invertebrates that might potentially be introduced into Ontario in the near 

future, particularly those which have a significant impact on the ecosystem and the 

economy, and to projects studying important pathways such as the aquarium trade and 

recreational aquatic activities for the purpose of developing effective regulations. In 

addition, more research support will be necessary in order to find effective and affordable 

management and monitoring methods. 
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6 Recommendations 

 The creation of a provincial-national database for non-native aquatic invertebrates 

based on the results from the checklist, or to consider adding species to existing 

databases such as GLASIS which includes only species established in the Great 

Lakes basin. These databases may be used for assisting with the prescription of 

species in regulation, managing pathways, conducting surveys, as well as setting 

research and management priorities.  

 All non-reported and already considered potential species to Ontario or the Great 

Lakes should be given priority at the time of  evaluating the threat posed by species 

for listing them in regulation, particularly those considered to have a high-impact 

on the environment.  

 To consider high impact pathogens as invasive species in federal policies, similar 

to Bill 37, in order minimize the risk posed to Ontario by invasive species from 

neighbouring jurisdictions that do not have provincial legislation. 

 To evaluate the level of threat posing by each species based on quantitative risk 

assessments that do not only include social and economic factors (Gallardo & 

Aldridge, 2013a; Lodge et al., 2006), but also management costs and other taxa 

in the community such as fish (Johannsson, 2007), as well as technical, 

institutional, and political factors (Dana et al., 2013). 

 Prioritize regulations intended to prevent new introductions, as well as the spread 

of already established non-native species, as the most economic management 

strategy compared to the control and eradication including: 
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 Mandatory cleaning of major recreational vectors should be implementing as 

an effective method to prevent the introduction of non-native aquatic 

invertebrates (Johannsson, 2007; Palmquist et al., 2008; Rothlisberger et al., 

2010).  

 Increase responsibility for the aquaculture, aquarium, and ornamental trade 

industries (managers and consumers), including online trade through 

licensing to culture aquatic organisms (Kerr et al., 2005), and the 

implementation of programs for the safe disposal of unwanted pets, and 

aquarium content, including ponds similar to waste management programs. 

 To continue increasing awareness of aquatic invasive invertebrates in 

Ontario, particularly of those species that are introduced unintentionally, and 

especially among high-risk industries. 

 To prohibit the use of any non-native species as live bait, and promote the 

use of native species, not only as bait, but also as pets.  

 Promote and support more research on important vectors other than ballast-

mediated, such as the aquaculture, the aquarium trade, and overland transport, as 

well as to develop management strategies, even for shipping related vectors that 

have received less research attention.  

 To promote and support more research on aquatic invasive invertebrates, 

especially potential high-risk species, considering its number is expected to rise in 

the future. 
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8 Appendix 

8.1 Interview questions 

1. What is the intended purpose of the proposed invasive species act, Bill 37?  

2. Why do you think the bill is being developed and proposed now after many years of 

dealing with the damage caused by invasive species?  

3. What do you think are the most problematic aquatic invasive species in Ontario and 

why? 

a. Do you think that aquatic invertebrate species are considered the most problematic 

in terms of management?  

b. What do you think is the most important management strategy to improve the 

actual managing of aquatic invasive invertebrate species: prevention, control, or 

eradication?   

4. Do you think that Bill 37 is based on scientific knowledge and why?  

5. Do you think that there is enough scientific information about aquatic invertebrate 

species to effectively prevent their introduction and spread?  

6. What do you think about the scope of Bill 37 and its potential implications for 

stakeholders such as anglers and boaters, tourism, and industry?  

7. Do you think that people would be able to comply with the proposed legislation, and 

do you know what has been the stakeholder’s response to the proposed Bill? 

8. What would be some of your recommendations in order to facilitate the 

implementation of the Bill, and to facilitate compliance?  
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9. What kind of regulations do you think we need first in order to prevent the introduction 

of aquatic invertebrate species and their spread?  

10. Does the government have enough resources or the resources that are needed in 

order to implement this Bill, for example, at the administrative level, required 

infrastructure, and inspectors? 

11. Do you think that Bill 37 is feasible? 

12. What is the likelihood that Bill 37 will pass and be implemented, and that regulations 

will be proposed and approved? 

13. Did the government take into consideration similar legislations to develop Bill 37? 

14. Do you think that Bill 37 will be effective in protecting Ontario’s aquatic ecosystems 

from invasive invertebrate species; that it will do what is intended to do? 

 

 

 

http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.queensu.ca/identity/logo&ei=VGhrVOCRNoiryQSuk4LYAw&bvm=bv.79908130,d.aWw&psig=AFQjCNFEz-Tp-nnEXu6P_-UJpJinVZGRUg&ust=1416411639905631


                                                                                                        Preventing the introduction and spread of freshwater invertebrates in Ontario 

_____________________________________________________________________________________________________________ 

Page 126 of 136 
 

8.2 High-impact species checklist 
 

Table 5. List of high-impact non-native freshwater invertebrates according to various literature sources. Scientific names in bold are species recorded 
as high-impact on the European database, EASIN (2015); *, species that are for sale at online stores in North America; ^, proposed for listing on 
Federal Regulation (Aquatic Invasive Species Regulations, 2014); + included in the Ontario Invasive species field guide (Lui et al., 2010); ◊, listed on 
the United States Geological Survey database (USGS, 2014); §, listed on the European checklist (Hulme et al., 2009). Other important sources: 1, 100 
of the world’s worst invasive species (DAISIE, 2003); 2, (impact to agriculture; USDA, 2015); 3, (Significant impact at the community and ecosystem 
level; Pagnucco et al., 2015); 4, (Ecosystem engineers; Sousa et al., 2009); 5, (Ecosystem engineers, Ricciardi, 2015); 6, (“the dirty dozen invasive 
species”, Gallardo & Aldrige, 2013a); 7, (Adebayo et al., 2014); 8, (Anderson et al., 2014); 9, (Bacela-Spychalska & van der Velde, 2013); 10, (Bacela-
Spychalska et al., 2013); 11, (Bailey et al., 2012); 12, (Banha et al., 2014); 13, (Berg et al., 2002); 14, (Bonel et al., 2013); 15, (Bubb et al., 2002); 16, 
(Capinha et al., 2011); 17, (Collas et al., 2014); 18, (Dudgeon, 1981); 19, (Duggan, 2010); 20, (ECDC network, 2015) ; 21, (Forcellini, 2012); 22, (García-
Berthou et al., 2007); 23, (Glaubrecht et al., 2007); 24, (Grigorovich et al, 2003b); 25, (Grigorovich et al., 2003a); 26, (Havel et al., 2014); 27, (Havel, 
2011); 28, (Karatayev et al., 2009); 29, (Kawai et al., 2009); 30, (Kerr et al., 2005); 31, (Lowe et al., 2000); 32, (MacIsaac et al., 2004) ; 33, (Marcogliese, 
2008); 34, (NISIC, Mar 20, 2015); 35, (Ojaveer et al., 2002); 36, (Ovcarenko et al., 2006); 37, (Paavola et al., 2005); 38, (Panov et al., 2007); 39, 
(Piechocki et al., 2013); 40, (Rader et al., 2003); 41, (Ricciardi & Rasmussen, 1998); 42, (Ricciardi et al., 1995); 43, (Roll et al., 2009); 44, (Rothlisberger 
et al., 2010); 45, (Roy et al., 2012); 46, (Ruiz et al., 2000); 47, (Rumi et al., 2008); 48, (Sidorov et al., 2013); 49, (Strayer, 1999) ; 50, (Sturtevant & Reid, 
2008); 51, (Taylor et al., 2007); 52, (Veraldi et al., 2011) ; 53, (Weir & Salice, 2012); 54 (Sepúlveda et al., 2010); 55, (Sylvester et al., , 2013);56, 
(Johannsson, 2007; Strecker & Arnott, 2005; Strecker & Arnott, 2008); 57, (high-risk invasive using FI-ISK, risk assessment tool; Tricarico et al., 2010); 
58, (Bourdeau et al., 2011). 

Scientific Name  Native Introduced to Pathway Category 
in North 
America 

Category 
in 
Ontario 

Salinity 
tolerance 

Survival in dry or 
damp conditions 

References 

Bivalvia         

Corbicula fluminea (O. F. Müller, 
1774) or C. fluminali, or C. 
largillierti (Philippi 1844) * ^ + ◊  § 

Asia Great Lakes, 
Europe, South 
America (Rio 
de la Plata) 

Recreational boating, 
ornamental and aquarium 
trade 

NN ES Freshwater   1,3,4,5,6,23,2
4,25,49,50,52 

Dreissena polymorpha (Pallas, 
1771) ^ + ◊  § 

Ponto-
Caspian 
Seas 

Great Lakes, 
Europe 
(Danube 
Black Sea 
Canal, Baltic 
Sea) 

Shipping (transoceanic and 
domestic, ballast-
mediated, NOBOB, 
fouling), construction of 
canals, recreational 
boating 

NN ES 0-10 ppt 3-5 days, damp. 
Adult mussels could 
survive more than 5 
days at higher 
humidity, lower 
temperature  

1,3,4,5,7,8,24
,35,37,42,49,

50,52 
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Continue… 

Dreissena bugensis (Andrusov, 
1897) or Dreissena rostriformis 
bugensis ^ + ◊  § 

Ponto-
Caspian 
Seas 

Great Lakes 
and 
Mississippi 
basins 

Shipping (transoceanic and 
domestic, ballast-
mediated, NOBOB, 
fouling), construction of 
canals, recreational 
boating 

NN ES 0-10 ppt 3-5 days, damp. 
More susceptible to 
air exposure than 
zebra mussel 

3,5,6,7,8,24,3
7,49,50,52 

Limnoperna fortunei (Dunker, 
1857) 

China South 
America 
(Argentina) 

Shipping (ballast-
mediated) 

NN NR 0-8 ppt. 
Also found 
in highly 
polluted 
environmen
ts (Bonel et 
al., 2013)  

  4,5,14,34,47,
55 

Pisidium amnicum (Müller, 1774) 
^ ◊ 

Eurasia, 
Africa 

Great Lakes, 
Lake 
Champlain 
and Hudson 
river 

Shipping (ballast water), 
natural high dispersal 
capacity 

NN ES Freshwater   24,49,50,52 

Pisidium henslowanum  
(Sheppard, 1823) ^ ◊ 

Eurasia Great Lakes 
and 
Mississippi 
basins 

Construction of canals 
(highly abundant in the 
Odra River), recreational 
boating (attached to 
trailered boats). Natural, 
and athropogenic high 
dispersal capacity 

NN ES Freshwater   24,39,44,49, 
50,52 

Sphaerium corneum  (Linnaeus, 
1758) ^ ◊ 

Eurasia Great Lakes 
and 
Mississippi 
basins (Lake 
Champlain 
and Hudson 
River) 

Shipping (ballast water) NN ES Freshwater   24,49,50,52 
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Continue… 

Branchiopoda         

Bythotrephes longimanus (Leydig, 
1860) or B. cederströmii 
(Schödler, 1877) or B. 
cederstroemi ^ + ◊  § 

Eurasia 
(Ponto 
Caspian 
Seas) 

Great Lakes, 
Europe 

Shipping (transoceanic and 
domestic, ballast water), 
recreational boating and 
fishing 

NN ES 0-8 ppt    3,7,24,31,32
,50,52,56,58 

Cercopagis pengoi (Ostroumov, 
1891) ^ + ◊  § 

Ponto-
Caspian, 
Seas 
Danube 
Black Sea 
Canal 

Great Lakes, 
Europe 

Shipping (ballast-
mediated) 

NN ES 0-18 ppt in 
native 

  1,3,24,35,37
,38,50,52 

Cestoda         

Bothriocephalus acheilognathi 
(Yamaguti, 1934) or 
Bothriocephalus opsarichthydis § 

Asia Great Lakes, 
Europe 

Host-mediated (Fish 
introdution) 

NN ES Freshwater   33 

Chromadorea         

Anguillicola crassus(Kuwahara, 
Niimi and Itagaki, 1974)  § 

Asia Europe 
(Iberian 
Peninsula, 
Great Britain), 
United States 
(Hudson 
River, 
infecting A. 
rostrata) 

Shipping (ballast-
mediated) 

NN ES Euryhaline   1,22,33,45 
 

Gastropoda         

Bithynia tentaculata  (Linnaeus, 
1758) ^ ◊ 

Europe Great Lakes 
and 
Mississippi 
basins 

Shipping (ballast-
mediated) 

NN ES Freshwater 15.3 ± 3.9 days to air 
exposure 

24,26,50,52 
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Continue… 

Cipangopaludina chinensis (Gray, 
1834) or Bellamya chinensi ^ + ◊ 

Asia Great Lakes 
and 
Mississippi 
basins, Texas 

Human food source 
(Asian), recreational 
boating (associated with 
plants attached to parts of 
the boat) 

NN ES Freshwater Average of 44.6 ± 4.9 
days to air exposure 
in summer (up to 4 
weeks, survival 
increases with lower 
temperatures and 
higher humidity) 

24,26,27,40,
50 

Lymnaea (Radix) auricularia 
rubiginosa (Michelin, 1831) or 
Radix auricularia (Linnaeus, 1758) 
^ ◊ 

Europe, 
Asia 

Great Lakes. 
Israel 

Aquarium trade NN ES Freshwater 0.8 days air exposure 
(Lab conditions) 

17,24,43,49,
50,52 

Melanoides tuberculata(Müller, 
1774) or M. tuberculatus * ◊  § 

Asia United States 
(Mississipi 
river basin, 
Texas), 
Australia, 
Europe 

Aquarium trade, online pet 
stores (Kijiji-Toronto, 
2015) 

NN NR Freshwater 5.5-6 days, air 
exposure (lab 
conditions) 

18,19,28,40,
52,53 

Physella acuta  
(Draparnaud,1805) or Haitia 
acuta ◊ 

Europe, 
Africa 

United States, 
East Coast, 
Europe, South 
America (Lake 
Titicaca). 
Israel 

Aquarium trade, human 
mediated overland 
transport (in mud attached 
to off-road vehicles, can 
transport individuals of 
7.57 mm) 

NN NR Freshwater 0.7 days, air 
exposure (Lab 
conditions) 

7,12,17,49 

Pomacea canaliculata (Lamarck, 
1828) + ◊ 

South 
America 

Philipines in 
1980s, US, 
Asia, 
Australia, 
Israel 

Aquaculture, aquarium 
trade 

NN PO Freshwater   2, 19,43 

Potamopyrgus antipodarum (Gray, 
1843) or Potamopyrgus jenkinsi, 
or Paludestrina jenkinsi, or 
Hydrobia jenkinsi ^ + ◊  § 

New 
Zealand 

Great Lakes 
and 
Mississippi 
basins, 
Europe (Baltic 
Sea) 

Shipping (ballast-
mediated), natural, 
recreational boating, live 
bait, pets using the 
waterway, construction 
and sampling equipment 

NN ES 0-30 ppt   24,37,49,49,
50,52 
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Valvata piscinalis (O. F. Müller, 
1774) ^ ◊ 

Asia, 
Europe 

Great Lakes Shipping (ballast-
mediated) 

NN ES Freshwater   24,49,50,52 

Hydrozoa         
Blackfordia virginica (Mayer, 
1910) ◊  § 

North 
America 
(Atlantic 
Coast) 

United States 
(East and 
West coasts, 
Napa River), 
Europe, South 
America 

Shipping (ballast water) NA3 NR 3-40 ppt in 
native area. 
Freshwater 
in non-
native 
region 

  37 

Cordylophora caspia (Pallas, 1771)  
or Cordylophora lacustris ◊  § 

Ponto-
Caspian 

Great Lakes, 
Europe 

Shipping (ballast water) NN ES 0-40ppt   1,4,24,37,37
,50,52 

Craspedacusta sowerbii 
(Lankester, 1880)  ◊  § 

China 
(Yangtze 
River 
valley) 

Great Lakes, 
Europe 

Fish stoching, ornamental 
trade 

NN ES Freshwater   24,50 

Insecta         

Aedes albopictus (Skuse, 1894) § Asia Europe Transport, trade, tires NN PO Freshwater   1,20,30 
 

Malacostraca         

Gmelinoides fasciatus (Stebbing, 
1899)  § 

Baikal 
Lake 

Europe (UK) Shipping (NOBOB). 
Stocking of Gammarus 
lacustris from Siberia 

NN PO 0-3 ppt, 
Freswater 
and 
brackish 

  3,13,25,37,4
8 

Astacus astacus  (Linnaeus, 1758)  
§ 

Europe United 
Kingdom 

Aquarium trade NN NR Freshwater     
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Austropotamobius pallipes  
(Lereboullet, 1858)  § 

Europe France Fisheries and stocking NN NR Freshwater     

Chelicorophium curvispinum (G.O. 
Sars, 1895)  or Corophium 
curvispinum (Sars, 1895)  § 

Ponto-
Caspian 
Seas 

Europe (e. g, 
Poland, 
French Rhône 
River)  

Shipping (Ballast-
mediated), construction of 
canals 

NN PO 0-18 ppt   3,5,13,21,25
,35,41 

Cherax destructor (Clark, 1936) *  
§ 

Australia Europe 
(Iberian 
Peninsula), 
West Africa, 
Australia 

Aquaculture, Aquarium 
trade 

NN NR Freshwater   16,57 

Dikerogammarus villosus 
(Sowinsky, 1894)  § 

Ponto-
Caspian 
Seas 

Europe Shipping (ballast-
mediated), construction of 
canals 

NN PO Freshwater 
and 
brackish 
(e.g. survive 
exposure to 
30ppt for 
24 h; 
Santagata 
et al., 2009) 

15 days, damp 
condition. Up to 3.5 
days out of water on 
wetsuits  

1,3,6,8,9,10,
25,41 

Echinogammarus ischnus 
(Stebbing, 1899) or 
Chaetogammarus ischnus + ◊  § 

Ponto-
Caspian 
Seas 

Great Lakes, 
Europe 

Shipping (ballast water) 
Fish stoking 

NN ES 0-10 ppt   3,24,25,35,5
2 

Echinogammarus trichiatus 
(Martynov, 1932)  § 

Ponto-
Caspian 
Seass 

Europe Shipping (ballast-
mediated, ballast water 
and NOBOB) 

NN PO Freshwater 6 days, damp 6,8,25,35 
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Eriocheir sinensis ( H. Milne 
Edwards, 1853) ^ ◊  § 

Asia Great Lakes 
(Lake Ontario 
and Erie), 
United States, 
Europe 

Shipping (ballast water, 
fouling), live Bait, natural 

NN CO Euryhaline   1,8,11 

Gammarus tigrinus (Sexton, 1939 ) 
◊  § 

North 
America 
(Atlantic 
Coast) 

Great Lakes, 
lake St. Clair; 
Europe (Blatic 
Sea) 

Shipping (Ballast-
mediated, water and 
NOBOB) 

NA3 ES 0-30 ppt   11,25,37,50 

Hemimysis anomala (G.O. Sars, 
1907) ^ + ◊  § 

Ponto-
Caspian 
Seas 

Great Lakes 
and 
Mississippi 
basins. 
Europe (Baltic 
Sea) 

Shipping (ballast water) NN ES 0-18 ppt   6,25,35,37,5
0,52 

Limnomysis benedeni 
(Czerniavsky,. 1882)  § 

Ponto-
Caspian 
Seas 

Europe Shipping (NOBOB) NN PO 0-18 ppt   6,25,36,37,4
1 

Orconectes limosus (Rafinesque, 
1817)  § 

United 
States and 
Canada 
(Quebec, 
New 
Brunswick
) 

Baltic Sea, 
Europe (River 
Rhine) 

Aquaculture, natural 
dispersal (overland 
movement)   

NA1 NR 0-10 ppt Resistant to 
dissection  (e.g. can 
move on land 20 
meters; Puky, 2014)   

37,51,57 

Orconectes rusticus  (Girard, 
1852) ^ + ◊  § 

United 
States, 
Ohio 

Great Lakes, 
Europe, 
Ontario 
Inland Lakes, 
Mississippi 
basins 

Live Bait, natural dispersal NA3 ES Freshwater   30,52,57 
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Pacifastacus leniusculus (Dana, 
1852) ◊  § 

North 
America 
and 
Canada 
West 
Coast 

United States, 
Europe (Baltic 
Sea), Japan 

Aquaculture and stocking NA3 NR 3-5 ppt in 
non-native 
habitat. 
Freshwater 
in native 

3-7 days, damp 8,15,37,57 

Pontogammarus robustoides (G.O. 
Sars, 1894)  § 

Ponto-
Caspian 
Seas 

Europe Shipping (ballast water, 
NOBOB) 

NN PO 0-18 ppt   25,35,37,41 

Procambarus clarkii (Girard, 1852) 
* ◊  § 

United 
States, 
Southern 
Mississippi 
River 
Basin 

Great Lakes, 
Europe, Africa 

Aquaculture, aquarium 
trade (including online 
stores), natural and 
anthropogenic overland 
dispersal (6.12 to 12 mm, 
survive on ducks and in 
mud transported by off-
road vehicles) 

NA3 CO Freshwater 3h at 35% relative 
humidity in mud 
attached to off-road 
vehicles 

1,3,6,52,57 

Procambarus fallax f. virginalis 
(Hagen, 1870) * 

United 
States 
(Georgia, 
Florida) 

Europe 
(Germany and 
the 
Netherlands), 
Madagascar 

Aquarium trade (including 
online stores), very 
common in Europe and 
North America in the the 
quarium trade; research 
activities, great natural 
overland dispersal capacity  

NA1 NR Freshwater   6,29 

Maxillopoda         

Lernaea cyprinacea (Linnaeus, 
1758) ◊ 

Asia United States, 
Europe 

Aquarium trade, 
aquaculture 

NN NR Freshwater 
and 
brackish 

  22,46 
 

Monogenea         

Gyrodactylus salaris (Malmberg, 
1956)  § 

Baltic Sea Europe Aquarium trade, 
aquaculture 

NN NR Euryhaline 2-5 days, damp 1,8,22 
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Pseudodactylogyrus anguillae (Yin 
& Sproston, 1948)  § 

Asia and 
Australia 

Europe, Nova 
Scotia 

Aquaculture, host-
mediated (transport of 
host fish, eel), fish stocking 

NN NR Freshwater 
and 
brackish 

  22 

Pseudodactylogyrus bini (Kikuchi, 
1929)  § 

Asia and 
Australia 

Europe Host-mediated (fish 
introduction) 

NN NR Freshwater 
and 
brackish 

  22 

Polypodiozoa         

Polypodium hydriforme (Ussow, 
1887)  § 

Eurasia, 
North 
America 
including 
Great 
Lakes 

Europe, 
United States 
(e. g. first 
time in 
Wabash river, 
Indiana) 

Aquaculture, host-
mediated (fish 
introduction) 

NA1 NO Freshwater   54 
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