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Abstract

At present, one of the most pervasive risks to freshwater ecosystems are invasive species.
Invasive species are among the leading antagonists to global biodiversity, since they can out-
compete or predate on native species which leads to changes of the structure of food webs and
alteration of ecosystem function. As biogeographic boundaries are broken down by human-
related means of spread, more are we seeing novel occurrences between non-native species and
the ecosystems they are introduced to. As invasive species continue to radiate from their original
regions, it is critical to understand how these species will impact their new ecosystems. As of
2019, non-native Chinese Mystery Snail (Cipangopaludina chinensis (Gray, 1834)) has persisted
in McGregor Lake Reservoir, Alberta, Canada. Additionally, Northern Crayfish (Faxonius
virilis) a non-native species which has expanded their range into lakes and rivers in Alberta,

exists in sympatry with Chinese Mystery Snail in McGregor Lake Reservoir.

I aimed to advise management programs related to both Chinese Mystery Snail and
Northern Crayfish in Alberta lakes and reservoir systems, and provide important information
regarding the trophic interactions and outcomes to native recreational fish species (Northern Pike

(Esox lucius), Walleye (Sander vitreus), and Lake Whitefish (Coregonus clupeaformis)).

In this thesis, I provide a comprehensive literature review regarding Chinese Mystery
Snail in Canada, along with pertinent information regarding their impacts, life history
characteristics, morphological characteristics, and range within invaded and native ranges. The
initial finding of Chinese Mystery Snail is officially documented in Alberta, along with
biological information that may aid management efforts. DNA barcoding is used to confirm the
species identification and the barcode is added to GenBank. We analyze growth rate and

fecundity, and assessed the presence of digenean trematode cercariae in snails in McGregor Lake
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Reservoir. After a 24-hour experimental period, we confirmed that Chinese Mystery Snail
specimens are not infected by digenean trematodes. We also determine that shell growth quickly
outpaces shell width, and that upon emergence Chinese Mystery Snail is larger than many of the
native snail species in Albertan waterbodies. We also determine that Chinese Mystery Snail in
Alberta produce a lower average number of juveniles compared to populations elsewhere. We
also suggest that Chinese Mystery Snail meet four of the five stages of species invasion: arrival,
establishment, growth, and reproduction, however there is no evidence of dispersal to adjacent

waterbodies.

With the use of stable isotope analysis and gut content analysis, I address the trophic
consequences that may arise with the addition of Northern Crayfish and Chinese Mystery Snail
into aquatic ecosystems in southern Alberta, as well as their impacts to Northern Pike, Walleye
and Lake Whitefish. I sampled five reservoirs in Alberta (St. Mary’s Reservoir, Forty-Mile
Reservoir, Sherburne Lake Reservoir, Travers Lake Reservoir, and McGregor Lake Reservoir),
collecting macrophytes, benthic macroinvertebrates, small-bodied fish species, as well as
invasives and large recreational fish species. I hypothesized that the presence of only one aquatic
invader would create bottom-up effects on the food-web, and that an additional invasive species
would amplify these effects, creating shifts in fish trophic positions by moving basal energy
away from higher trophic levels through the consumption of algae and macrophytes, or by
providing a new prey resource. I also hypothesized that Chinese Mystery Snail and Northern
Crayfish would have overlapping niches, through competition for resources or predation. Briefly,
I determined that fish are becoming more piscivorous compared to reference lakes where there
are no invasive species present, community trophic positions are higher in reservoirs where only
Northern Crayfish are present as an invasive, and that carbon ranges are narrower in systems

with only Northern Crayfish and wider when both invasives are in sympatry. A few reasons that
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these effects may be occurring to fish include an “adaptive lag” period, or lack of macrophytes in
invaded waterbodies due to the invasives present. I also discovered that trophic niche ellipses of
Chinese Mystery Snail and Northern Crayfish are overlapping, pointing to competitive

exclusion.

The results from this thesis address my overall goals to investigate the introduction of
Chinese Mystery Snail and the potential impacts of interactions between Chinese Mystery Snail
and Northern Crayfish on native recreational fish species in reservoirs in southern Alberta. The
findings gained throughout this thesis are useful for the management of both invasive species

and will hopefully provide a catalyst for other researchers and resource managers.
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Chapter 1

Introduction

Freshwater ecosystems are constantly experiencing changes, although these changes are now
becoming novel, due to multiple human-induced consequences that we have not yet experienced,
and exceptionally large (Carpenter et al. 2011). These changes are creating abnormal levels,
relative to recent decades, of impacts due to human transformation of inland freshwater
ecosystems, such as rivers, lakes, reservoirs, wetlands, and ponds. Many of these changes due to
the high levels of human disturbance contribute to the growing frequency of extinction amongst
freshwater species (Nicacio and Juen 2015). Some of the drivers for these changes include the

climate crisis, anthropogenic alterations of water flow, land-use and cover, and chemical inputs.

One of the most pervasive risks to aquatic ecosystems are invasive species. Invasive
species are among the leading antagonists to biodiversity globally; as invasive species become
established, they can out-compete or predate on native species, changing food web structure and
altering ecosystem function (Dextrase and Mandrak, 2006; Olden et al, 2009). Invasive species
are those that have been translocated long distances from the species’ native ranges and
introduced into new environments, which then have adverse effects on native species. These
biogeographic barriers have been expertly broken down by humans through the enabling of
international travel, thus intentionally or unintentionally transporting these invasive species to
new regions. A larger proportion of introduced species fail to establish but in freshwater

ecosystems many have become invasive and caused issues for native aquatic species (Havel et al.

2015).



Despite an increase in the amount of literature regarding invasion effects, many of the
impacts remain unstudied, especially the effects of multiple invasives together (Ruiz et al. 1999;
Ross et al. 2004; Simberloff and Holle). Invaders can negatively affect one another through
competition and predation, reducing one another or minimizing their joint impacts on native
biota (Ross et al. 2004). Invasive species may have no effect on each other, or they may have a
facilitative interaction, increasing ecological impacts and benefiting establishment and spread
(Ricciardi 2001; O’Dowd et al. 2003). Some studies have suggested that once a non-native
species has become established, they can alter the ecosystem to facilitate future invasions,
described as the invasional meltdown hypothesis (Ricciardi, 2001). This hypothesis, according to
Ricciardi (2001), postulates that ecosystems are more easily invaded as the cumulative number
of non-native species increases, and that mutualistic and commensal interactions may exacerbate
the effects of non-native species. Though there have been many studies on the effects of single
invasive species, there are less studies on the effects of more than one invasive species. As
observed in a literature review by Simberloff and Holle (1999), any sort of mutual interactions
between introduced species are less likely to be sought out and reported, than the effects of
introduced species on native ones. For many researchers, conservationists and resource
managers, the penultimate concern is the potential damage that non-natives will inflict on native
species. However, the extent that facilitative interactions among non-native species, at least some

of them will have negative effects on native species.

There is a continuous need to understand how invasive species will impact the
ecosystems that they are introduced to. Without this understanding, managers and

conservationists alike would not know the level to which they should be interfering with their



removal or how to best manage the invasive species. Of course, mitigating the introduction is
priority, but if research is done and it is determined that there are minimal impacts then funds

can be allocated to alternative conservation measures.

In this thesis, an important investigation into the first introduction of Chinese Mystery
Snail (Cipangopaludina [=Bellamya] chinensis (Gray, 1834)) in Alberta is discussed, and a look
into the effects that two sympatric invaders may have on aquatic ecosystems. The research herein
addresses my overall goal to investigate the novel introduction of C. chinensis and the potential
impacts of C. chinensis and F. virilis on native recreational fish species in reservoir ecosystems
in southern Alberta. The findings gained throughout these studies are useful for the management
of C. chinensis and F. virilis in southern Alberta, hopefully providing a catalyst for other

researchers and resource managers.



Chapter 2
Biological Synopsis of Chinese Mystery Snail (Cipangopaludina chinensis)

Executive Summary

The Chinese Mystery Snail, Cipangopaludina chinensis, is a recently introduced aquatic invasive
species that may threaten Canadian lotic and lentic freshwater ecosystems. This biological
synopsis summarizes information regarding the species’ description, distribution, biology,
natural history, and its use by humans and impacts. The purpose of this synopsis is to be used to
estimate the risk of invasion of the Chinese Mystery Snail in Canada. The Chinese Mystery Snail
is native to Asia, including China, Taiwan, Korea, and Japan. It was first introduced to North
America through food markets in San Francisco, California, United States of America in the
1890s, preceding the spread through the mid-continental USA, where Chinese Mystery Snail
established in 34 states. It was first reported on the east coast of Canada in St. John’s,
Newfoundland and Labrador in 1905 and has subsequently been reported in Ontario, Nova
Scotia, New Brunswick, British Columbia, and most recently, Alberta. There are also 12 known
isolated populations, as of 2007, with one successfully established population in the Netherlands.
As 0f 2016, the Chinese Mystery Snail has also successfully established one population in
Belgium. The Chinese Mystery Snail is dispersed via human-mediated transports, such as release
from aquariums, recreational activities, through adhesion to watercraft, as well as the potential
transport by wading birds and waterfowl. They can change food web dynamics, nitrogen and
phosphorus levels in the water column and may lead to infrastructure damage. The Chinese
Mystery Snail has been documented to amplify other aquatic invasive species’ impacts when
present in the same ecosystem. Due to the operculum present on the Chinese Mystery Snail, its

ability to survive desiccation for up to nine weeks, and multiple reports of establishment in a



multitude of slow-moving water, the presence of Chinese Mystery Snail is of great concern to

biodiversity in Canadian water bodies.



1. Introduction

Global biodiversity is largely affected by aquatic invasive species, and though large-scale
invasion events are rare, introductory events are on the rise (David and Cote, 2019; Levine and
D’Antonio, 2003). The first reported occurrence of Chinese Mystery Snail, Cipangopaludina
chinensis, in North America was in San Francisco, California, via Asian food markets in the
1890s (Wood, 1892; Haak, 2015). Chinese Mystery Snail, is a relatively new invasive species in
Canada, with the first occurrence in St. John’s, Newfoundland, in 1905 (Kingsbury et al., 2020).
Since then, Chinese Mystery Snails have proliferated in many introduced lentic and slow-moving
lotic water bodies in the mid-continental United States of America, and have spread across

Canada (GISD, 2017; Kingsbury et al., 2020).

The Chinese Mystery Snail is difficult to eradicate once established due to their distinctive
operculum or “trap-door”, which closes in times of environmental disturbance or threat. Thus,
the operculum shelters the species from desiccation, thermal stressors, or chemical means of
population control (Unstad et al., 2013). Chinese Mystery Snail may also interact with other
species in non-indigenous ranges, including other invasive species (i.e., invasional meltdown

theory; Johnson et al., 2009; Ricciardi, 2001), and species at risk (Kingsbury et al., 2021).

Repeated observations of Chinese Mystery Snail in Canada, coupled with the predicted rise in
global temperatures and species fecundity and adaptability, have led to concerns that the species
might establish itself and spread northward in Canada (Kingsbury et al., 2020). Therefore, a
biological synopsis of the Chinese Mystery Snail is presented here as a prerequisite for a risk

assessment of this nonindigenous species in Canadian aquatic systems.



1.1.Name And Classification

From the Integrated Taxonomic Information System (ITIS), 2007, and the Invasive Species

Specialist Group (ISSG), 2006:

Kingdom: Animalia

Superphylum: Lophozoa

Phylum: Mollusca

Class: Gastropoda

Subclass: Prosobranchia (Milne-Edwards, 1848)

Order: Architaenioglossa

Family: Viviparidae (Gray, 1847)

Subfamily: Bellamyinae (Rohrbach, 1937)

Genus: Cipangopaludina (Hannibal, 1912)

Species: Cipangopaludina chinensis (Gray, 1834)

Other scientific name: Cipangopaludina chinensis chinensis (Gray, 1834), Cipangopaludina
chinensis malleata (Reeve, 1863), Bellamya chinensis (Smith, 2000)

Common English name: Chinese Mystery Snail

Other English name: Asian apple snail, Asian freshwater snail, Chinese mysterysnail, mystery
snail, Oriental mystery snail, trapdoor snail, Chinese trapdoor snail, Oriental mystery mollusk,
Asian mud snail

Common French name: Vivipare orientale

1.2. Species Description
Chinese Mystery Snail, Cipangopaludina chinensis, is a benthic grazer and filter-feeder, a
dioecious gastropod that primarily feeds on benthic and epiphytic diatoms (Plinski et al., 1977).
It is the second largest snail in North America, with some individuals reaching a length of 65
mm (Pace, 1973). Chinese Mystery Snails vary in colouration between juvenile and adult life
stages. As a juvenile, the Chinese Mystery Snail is lighter in coloration than its adult life stage,
which can be olive green, greenish-brown, reddish-brown, or brown (Clarke, 1981; Jokinen,
1992). Chinese Mystery Snail has a thick shell and “trap-door” operculum (Figure 2.1A), which

allows isolation from external conditions when environmental conditions are unfavorable



(Solomon et al., 2010). As adults, their globose shells, with concentrically marked opercula
(Burch, 1980), have between 6 to 7 whorls with a width to height ratio of 0.74-0.82 (Clarke,
1981; Jokinen, 1992). Juvenile shells differ in that their last shell whorl has a distinct carina, and
will have 20 striae per mm between each groove (Clarke, 1981; Smith, 2000). Juvenile snails
also have a detailed pattern on their periostracum, consisting of 2 apical and 3 body whorl rows
of hairs with long hooks on the end, as well as distinct ridges and many additional hairs with
short hooks (Jokinen, 1984). Another identifying feature in Chinese Mystery Snails is that they

have a small, round umbilicus, with a spire at an angle between 65° and 80° (Jokinen, 1992).

The Chinese Mystery Snail is often confused with Japanese mystery snail, Cipangopaludina
Jjaponica. Though the closely related snails are similar, the Chinese Mystery Snail’s shell grows
allometrically, with the shell height increasing faster than the shell width (Jokinen, 1982), which
is a unique characteristic. In the past, the radula has been used to differentiate the two species,
though there may not be enough variation between the two to make this a good diagnostic
characteristic (Smith, 2000). In a North American population of Chinese Mystery Snail the
radula has seven small cusps on the marginal tooth and a large central cusp with four small cusps

on either side (Jokinen, 1982).

1.3. Taxonomy of Cipangopaludina chinensis
The taxonomy of Cipangopaludina chinensis has often been contested, with multiple scientific
names in use. C. chinensis is sometimes referred to as Bellamya chinensis (Smith, 2000) in
literature (Kelley, 2016), nevertheless B. chinensis does not have official recognition (ITIS,
2016). There has also been debate regarding C. chinensis and C. japonica and whether or not

they are synonymous species in North America, with different phenotypic variations. David and



Cote (2019) conducted a genetic and morphological analysis of both species’ populations in
North America and determined that the species were genetically distinct, despite
indistinguishable morphological features. For the purpose of this biological synopsis, C.

chinensis and C. japonica will be considered as two individual species.

2.  Distribution

2.1.Native Distribution
The Chinese Mystery Snail is native to Asia, including China, Taiwan, Korea, Japan, Indonesia,
Burma, the Philippines, Asiatic Russia in the Amur Region, Thailand and South Vietnam (Pace,
1973; Chiu et al., 2002; GISD, 2017). Others have noted that the risk of potentially
misidentifying C. chinensis within its native range is high due to the presence of visually similar
species, thus reducing the certainty of its range (Matthews et al., 2017). That being said, its
presence is most often reported in China, Taiwan, Korea and Japan (Lu et al., 2014). In China
and other countries within its native distribution, the Chinese Mystery Snail can be found in

pools, lakes, streams, and rice paddy fields (Li, 2012).

Introduced Range

2.1.1. The United States of America (North America)
The Chinese Mystery Snail was first introduced through food markets in San Francisco,
California, in the 1890s (Wood, 1892; Haak, 2015). Chinese Mystery Snail subsequently spread
to 34 other states in the United States, including Alaska and Hawaii (GISD, 2017; Havel, 2011),
notably in lentic and slow-moving lotic habitats (Distler, 2003). They have been reported in
Massachusetts and are thought to have been introduced accidentally along with goldfish

(Carassius auratus), which were being used for mosquito control (Distler, 2003). The Chinese



Mystery Snail has been documented in Maine, south to Florida, and mid-continentally from the
Great Lakes, lowa, Nebraska, Oklahoma, Texas, Colorado and Utah (Distler, 2003). In the early
1900s, the Chinese Mystery Snail was also introduced to the Hawaiian island as a food item by

Chinese immigrants (Cowie, 1998).

According to Solomon et al. (2010), Chinese Mystery Snails are most commonly abundant in the
southern regions of their invaded ranges in North America. Though with predicted increase in
global temperatures in the future due to climate change, this may change, increasing the
likelihood for Chinese Mystery Snail to disperse northward in introduced ranges (Kingsbury et
al., 2020).
2.1.2.  European Union Member States

The Chinese Mystery Snail was first observed in the Netherlands in 2007 (Collas et al., 2017).
There are now 12 isolated populations, which have been established for several years at three
locations. The Chinese Mystery Snail was also observed in Belgium, as recently as 2016, with
one established population (Matthews et al., 2017; Collas et al., 2017; Van den Neucker et al.,
2017).

2.2. Records In Canada
The first known occurrence of Chinese Mystery Snail in Canada was in St. John’s,
Newfoundland in 1905 (Kingsbury et al., 2020). Since then, the Chinese Mystery Snail has
established in southern Ontario, including Lake Erie and embayments of western Lake Ontario,
Kawartha Lakes, and Crower, Moira and Trent River drainages (Therriault and Kott, 2002).
According to a review conducted by Kingsbury et al. (2020), there have most recently been 278
reports documenting the presence of Chinese Mystery Snail in Canada, with the largest reports

originating from Ontario (Figure 2.3; Figure 2.4; Figure 2.5).
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The Chinese Mystery Snail has also been reported in Québec (Clarke, 1981; Tornimbeni
et al., 2014) and British Columbia (Clarke, 1981), specifically in five lakes on Southern
Vancouver Island, four reports from downtown Victoria, and one confirmed report in the town of
Mission (Figure 2.4) (Government of British Columbia, n.d.). Chinese Mystery Snail has also
been reported in Atlantic Canada, from sites in Nova Scotia, New Brunswick and Newfoundland
(Figure 2.5) (McAlpine et al., 2016). The Chinese Mystery Snail was recently reported in 2019
in McGregor Lake, near the Village of Milo (Alberta Environment and Parks, 2019; Mitchell et
al., 1990). Due to their very recent detection, little is known about their range dispersal or
population estimates in Alberta. Before their initial detection, in 2015, Chinese Mystery Snail
was listed under the Fisheries Act of Alberta as a prohibited species, making it illegal to possess,
release, sell or transport within the province (AEP, 2019). Chinese Mystery Snail is also listed in

the Water Protection Act of Manitoba (Government of Manitoba, 2015).

Of these reports, the Chinese Mystery Snail has successfully established populations in
146 locations across Canada. The most reported occurrences were in the following habitats: 64
lakes, 29 rivers and 25 ponds, however there were also reports from 1 marsh, 5 bays, and a

harbor (Kingsbury et al., 2020).

2.3.Potential Distribution in Canada
Previous research in North America has suggested that Chinese Mystery Snail may prefer lentic,
slow-moving water bodies (McAlpine et al., 2016). Water chemistry and ecosystem composition

help determine where they may successfully establish when introduced through, largely, human-
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mediated transfers (Bury et al., 2007; Haak, 2015; Jokinen, 1982; Kingsbury et al., 2020;

Kingsbury et al., 2021).

Solomon et al. (2010) has also stipulated that shoreline development, distance to population
centres, presence of boat landings, species composition of water bodies, Secchi depth,

conductivity, and calcium concentrations are critical factors in determining appropriate habitat.

According to studies conducted by Kingsbury et al. (2021), using random forest models
(RFMs) and habitat suitability models, the critical predictive parameters for likely habitat
depends on the number of fish species present, alkalinity, presence of other invasive species,
number of accessible boat launches, and connected freshwater bodies. Though other parameters
may be used, such as latitude and longitude, the datasets are skewed towards the high proportion

of Ontario reports (Kingsbury et al., 2021).

2.4. Population Genetics
Using molecular barcoding analyses, David and Cote (2019) successfully characterized the
difference between Chinese Mystery Snail, Cipangopaludina chinensis, and Japanese mystery
snail, C. japonica. Before this, there was discordance regarding the difference between the two,
as there is little morphological difference, save for a taller conchological spire on C. japonica

(David and Cote, 2019).

Phylogenomic analyses conducted by Hirano et al. (2019) focused on the two subspecies
of Chinese Mystery Snail, Cipangopaludina chinensis: C. chinensis chinensis (Gray, 1834) and

C. chinensis laeta (Martens, 1860). C. C. chinensis is found within mainland Asia, including
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China and Vietnam, whereas C. c. laeta is located in Japan (Hirano et al., 2019). This research
discovered that the species diverged in the Pliocene to early Pleistocene era, through
introgressive hybridization with now extinct species or population (Hiran et al., 2019). The
subspecies are capable of crossbreeding. In the case of crossbreeding, a female C. c. laeta and
male C. C. chinensis may only have C. c. laeta juveniles, while contrary, C.C. chinensis may not

have C. c. laeta juveniles (Hirano et al., 2019).

2.5. Pathways Of Introduction and Transfer
Live Chinese Mystery Snails were initially introduced in North America in 1891, from Japan to
the Chinese food markets in San Francisco, California (Pace, 1973). In 1894, three years after the
first initial report of Chinese Mystery Snail in North America, it was reported that they were also
sold in a food market in Victoria, British Columbia (Jokinen, 1982). A common opinion is that
the Chinese Mystery Snail was initially brought to the United States and Canada from China, via
immigration, and subsequently released into local waterways as a new food source (Jokinen,
1982). Snails are also often released from the aquarium and ornamental trade into the wild,

whether deliberately or accidentally (Collas et al., 2017).

Bury et al. (2007) stated that after the initial release and establishment of Chinese
Mystery Snails in lakes, there is a potential for spread to other water bodies via rivers due to

upstream lake populations serving as sources for downstream colonization.

The risk of snails invading new water bodies frequently relies on their ability to survive
overland transport through various means (Havel et al., 2014). Recreational boating constitutes

the main vector for overland transportation of aquatic invasive species, including macrophytes
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and molluscs and, notably, invasive snails (Havel et al., 2014; Johnson et al., 2009; McAlpine et
al., 2016). Invasive snails may get entangled in macrophytes, which may get sucked into
propellers and entangled on boats and trailers (Jokinen et al., 1982). The potential vector for
spread, through boat and trailer, is only amplified in the summers, when Chinese Mystery Snails
move into shallow water (Havel et al., 2014). The Chinese Mystery Snail can survive multiple
weeks of desiccation, thus increasing their threat of invasion through adhering to and hitchhiking

on boats (Havel et al., 2014).

Another pathway of introduction that should be considered, though less studied and
anecdotal, is introduction via transportation of waterfowl and wading birds. In a study conducted
by van Leeuwen and van der Velde (2012), aquatic snails’ potential transport via ectozoochory,
external transport by adhering to waterfowl, was investigated. Though their research suggested
that dispersal by this method may only be relevant to short-distance dispersal, this is enough to
transport aquatic invasive snails, the Chinese Mystery Snail, to adjacent water bodies. Dispersal
by waterfowl may be an explanation for the generally expeditious colonization of lentic water

bodies and the widespread distribution of aquatic snails (van Leeuwen and van der Velde, 2012).

3. Biology and Natural History

3.1. Life Cycle
Chinese Mystery Snails are gonochoristic and ovoviviparous, releasing fully formed young
(Haak 2015, 2009; Havel, 2014). Female Chinese Mystery Snails give live birth, releasing live

young between May and through October (Havel, 2011; Haak, 2015).
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Chinese Mystery Snails continue to grow throughout their entire lifespan. Female snails
are reported to survive a maximum of five years, and males survive four years (Jokinen, 1982).
Consequently, females are generally larger than males. As Chinese Mystery Snails age, their
shell grows to be more elongated than they are high; the shell width ratio to shell height

decreases as the shell increases in size (Jokinen, 1982).

Chinese Mystery Snails are viviparous with an iteroparous reproduction strategy; females
produce young nearly every year until death (Stephen et al., 2013). They are able to produce
young within their first year until they reach a maximum age of five years (Stanczykowska et al.,
1971). Studies have reported that Chinese Mystery Snails average approximately 25 juveniles
per female, with an annual fecundity between 27.2 and 33.3 young per female per year (Stephen
et al., 2013). Their reproductive pattern and the number of average young per female suggest that
explosive population growth may be possible in regions with newly introduced Chinese Mystery

Snail (Stephen et al., 2013).

3.2. Physiological Tolerances and Requirements
The Chinese Mystery Snail’s shell and operculum allow them to be resistant to desiccation and
long periods kept out of water. Larger individuals have been documented to survive for more
than nine weeks out of water in laboratory experiments (Unstad et al., 2013). Others have
reported that Chinese Mystery Snails require high parts per million of calcium in water and that
they are intolerant of and incapable of growth in soft water (Jokinen, 1982). Calcium is required
for the growth of snails, especially for aquatic snails, and may even be more overriding than
having dietary sources available (Plinski et al., 1977). A laboratory study conducted by Burnett

et al. (2018), identified an upper thermal tolerance of 45° Celsius. They did not identify a lower
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thermal tolerance, which suggests that the lower lethal thermal tolerance was less than 0° degrees
Celsius. With this information, it can be conveyed that Chinese Mystery Snails are a temperature
hardy species and that it has a higher chance of surviving winters and benthic temperatures in

most water bodies of Canada (Wetzel, 2001).

3.3. Behaviour And Movements
When an aquatic snail with an operculum moves or crawls, the operculum is moved to the
outside not to hinder movement (Bhushan, 2009; Xu et al., 2018). Following many other
species, the Chinese Mystery Snail has evolved to have a non-smooth surface on the operculum,
for drag reduction and to resist wear, creating a tool for hydrodynamic lubrication (Xu et al.,
2018). According to further movement studies conducted by Xu et al. (2018), they concluded
that the Chinese Mystery Snail, compared to other aquatic snails (Pomacea canaliculata and
Pomacea bridgesii), are far less active than other snails and, instead, bury themselves in muddy
or silty bottoms. This was discovered through studies of friction and velocity calculations based
on morphological characteristics, such as shell thickness, grooves, ridges, and surface roughness
of the operculum. In the study, the Chinese Mystery Snail had a friction coefficient ten times

larger than P. caniculata, another water snail species (Xu et al., 2018).

Chinese Mystery Snail is not reported to exhibit predator avoidance behaviour or move

when there are predators, such as crayfish. Instead, they stay attached to substrate or they will

stay at the bottom of a waterbody with their opercula shut (Kelley, 2016).
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3.4. Habitats
As reported by others, the Chinese Mystery Snails prefer lentic water bodies with silt, sand, and
mud substrates in eastern North America (Jokinen, 1982; Stanczykowska et al., 1971), although
it has been documented to survive in lotic freshwater, notably slower streams (Distler, 2003;
Jokinen, 1982). Other documentation observed populations living on artificial substrates, riprap,
and submerged vegetation (Chaine et al., 2012). The Chinese Mystery Snail is able to tolerate
stagnant waters near septic tanks (Perron and Probert, 1973). The Chinese Mystery Snail has
been documented in water bodies with a pH level between 6.5 and 8.4, and various
concentrations of calcium, magnesium, oxygen, and sodium; 5 - 97 ppm, 13 - 31 ppm, and 7 - 11
ppm, 2 - 49 ppm, respectively (Jokinen, 1982; Jokinen, 1992; Stanczykowska et al., 1971). It is
most commonly found at depths between 0.2 and 3 metres, with a conductivity of 63 - 400

umhos/cm (Jokinen, 1982; Jokinen, 1992; Stanczykowska et al., 1971).

3.5. Feeding and Diet
At each life stage, the Chinese Mystery Snail non-selectively grazes on periphyton (Johnson et
al., 2009) and non-organic bottom material, such as benthic and epiphytic algae (Jokinen, 1982).
Older, larger individuals are also capable of filter-feeding (Olden et al., 2013). Distler’s (2003)
gut-content analysis suggests that they radular feed by scraping on inorganic and organic debris

with their radula, and on epiphytic-benthic algae, primarily diatoms.

3.6. Interspecific Interactions
Chinese Mystery Snails have been documented to interact with other invasive species, such as
Rusty Crayfish (Orconectes rusticus), native crayfish, as well as native snail species (Johnson et

al., 2009; Kelley, 2016). Mesocosm and lab studies have shown that Rusty crayfish can consume
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Chinese Mystery Snails, suggesting that the two invasives may interact in locations where they
have both been established (Johnson et al., 2009). Interactions between Chinese Mystery Snails,
other snails, and natural predators in the same ecosystem, such as crayfish, are influenced mainly
by snails’ shell thickness (Kelley, 2016). Kelley (2016) reported that crayfish rarely ate Chinese
Mystery Snails that were beyond the size of 20 mm, though they do reach a maximum shell
length of 60 mm. Olden et al. (2009) reported that smaller Chinese Mystery Snails were more

likely to be consumed by crayfish, though larger individuals were also susceptible to predation.

Snails of larger sizes are more likely to avoid predation by crayfish due to shell thickness,
which gets thicker as snails age (Kelley, 2016). Kelley (2016) and Olden et al. (2009) concur that
Chinese Mystery Snails have a high susceptibility to crayfish predation, which might be a large
limiting factor in their population growth and dispersal. This may depend on the morphological
characteristics of native snails sharing the same ecosystem, as some native snails may be smaller

and thus incite a shift away from crayfish predation on Chinese Mystery Snails.

3.7. Parasitic Infections and Diseases
Chinese Mystery Snail is a host for several helminth parasites that affect humans in its native
range of Asia. Therefore, it may be a vector for parasites and diseases, such as human intestinal
fluke, in invaded ranges (Chung and Jung, 1999; Havel, 2011). Though this may be the case,
there is little data to support this, and there have been no reported cases of human intestinal fluke

transmitted by Chinese Mystery Snail in the United States (Bury et al., 2007).

According to recent research conducted by Harried et al., results suggested that there are

relatively low trematode infection levels in invaded ranges (2015). These results contrast the
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infection rates of parasites in Chinese Mystery Snail in native ranges. Though there is a general
lack of parasite infection of Chinese Mystery Snail in invaded ranges, this may present additional
consequences for establishing and dispersal of Chinese Mystery Snails in non-native ranges
(Harried et al., 2015 ). This is because infected snails generally produce less offspring and lessen
the probability of survival (Harried et al., 2015; Sandland and Minchella, 2003). Therefore,
individuals in their invaded range may have stronger fitness advantage when compared to
individuals from their native range (Harried et al., 2015). However, the study found two
helminth parasites within two individual Chinese Mystery Snails (Harried et al., 2015). The first
of the parasites found was Cyathocotyle bushiensis, a species that causes mortality of dabbling
ducks (Harried et al., 2015; Hoeve and Scott, 1988; Kingsbury et al., 2020). The second parasite
was Aspindogaster conchicola (Harried et al., 2015; Kingsbury et al., 2020), a parasite that
affects freshwater bivalves, fish and turtles in North America, Africa and Europe (Kingsbury et
al., 2020). The individual snails with these parasites only presented metacercarial cysts encased
within the mollusc shell, and thus were not likely viable (Harried et al., 2015), nevertheless it is
concerning that an individual Chinese Mystery Snail was found hosting A. conchicola, as this
species has been cause for declines in successful reproduction of North American freshwater

mussels (Gangloff et al., 2008; Kingsbury et al., 2020).

4. Human Uses

4.1. Uses As a Human Food
The Chinese Mystery Snail is edible and sold in Asian food markets in the United States
(Benson, 2007). Though the risk of parasite transmission and gap in knowledge concerning
Chinese Mystery Snails as a food source in Canada, it cannot be guaranteed as safe. In native

ranges, the Chinese Mystery Snail serves as a host for several helminth parasites that affect
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humans, including human intestinal fluke (Chung and Jung, 1999). As is currently the case, there
have been no reported cases of humans contracting intestinal fluke in the United States of

America through consumption of Chinese Mystery Snail (Bury et al., 2007).

4.2. Other Uses
In Asian countries, a variety of different uses of Chinese Mystery Snail have been documented.
Contrasting its potential impacts in North America and other invaded ranges, the Chinese
Mystery Snail is an essential bioindicator in Asia (Li, 2012) and represents ideal, healthy
freshwater systems (Li, 2012, Q.H. Gu et al., 2015). Chinese Mystery Snail may be useful in
removing sewage contaminants and heavy metals found in rice paddy soil (Kurihara and Suzuki,
1987). Further, Chinese Mystery Snail is often used in restoration projects involving engineered
wetlands, in an effort to increase water clarity and restore natural aquatic ecosystems (Li, 2012).
Chinese Mystery Snail is also used as feed for larval fireflies, Luciola ficta (Ho et al., 2010;
Kingsbury et al., 2020), and hatchery-cultured mud crab, Scylla paramamosain, (Gong et al.,
2017; Kingsbury et al., 2020). According to Yan (2002), Chinese fish farms often use viviparid
snails as commercial food for Chinese carp, Mylopharyngodon piceus and Cyprinus rubrofuscus,
as well as for softshell turtles (Tian et al., 2012) and Chinese gold-coin turtles (Cuora trifasciata)

(Kingsbury et al., 2020; Luo et al., 2012).

Chinese Mystery Snail has long been used as traditional Korean medicine and a part of
Korean medicinal knowledge to cure indigestion (Kim et al., 2018; Kingsbury et al., 2020).
There have also been further efforts to develop a pharmaceutical use for Chinese Mystery Snail
in Asia, in an effort to explore the efficacy of compounds derived from Chinese Mystery Snails

to protect against liver damage (Kingsbury et al., 2020; Wang et al., 2015; Xiong et al., 2019),
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joint pain caused by immune responses (Lee et al., 1988; Shi et al., 2016), and to help prevent
plaque build-up in arteries (Kingsbury et al., 2020; Xiong et al., 2019). Calcium has also been
recycled from waste shells in an attempt to promote bone growth (Zhou et al., 2016). According
to Kingsbury et al (2020), these methodologies could potentially transfer to North America, and
eventually be used as a solution to slow the spread and population growth of invasive Chinese

Mystery Snail.

5. Impacts Associated with Introductions
Although there have been several recorded incidences of Chinese Mystery Snail in Canada, there
is not much information regarding their impacts as they are relatively new introduced species.
Much of what is known about Chinese Mystery Snail can be used to hypothesize their impact on

environments in Canada.

5.1. Ecological Interactions
The Chinese Mystery Snail has been known to interact with other species, though due to their
relatively new arrival in introduced regions, there is a gap in knowledge regarding these
interactions (Haak, 2015). Previous mesocosm and lab studies have suggested that when Chinese
Mystery Snail is coupled with Rusty crayfish (Orconectes rusticus) in the same ecosystem, the
indigenous snail communities (Physa, Lymnaea, and Helisoma spp.) will be negatively affected
(Johnson et al., 2009). Both Physa and Lymnaea species have thinner shells, and are thus easier
to consume than the thick shelled Chinese Mystery Snail. Heliosoma species may afford greater
protection from fish and crayfish species as they have a thicker shell (Johnson et al., 2009).

Consequently, if Chinese Mystery Snail has a competitive advantage against indigenous snails,
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with a thicker shell, in the presence of crayfish or predatory fish, this may lead to declines in

indigenous snail species (Johnson et al., 2009; Rundle and Brénmark, 2001).

Another mesocosm study in Washington suggested that the presence of Chinese Mystery Snail
may have exacerbated the abundance of invasive Northern Crayfish (Faxonius virilis) by

providing an abundant prey source (Johnson et al., 2009).

Chinese Mystery Snail grazing can also lead to reduced algal biomass, altered algal
species composition, increased nitrogen to phosphorus ratio in the water column, elevated
eutrophication levels, and altered food webs through changes in bacterial community
composition (Kingsbury et al., 2021). Grazing by Chinese Mystery Snail has been observed to
negatively affect periphyton levels, notably within an ecosystem’s sediment. The ratio of total
nitrogen and phosphorus within a mesocosm experiment increased in the presence of Chinese
Mystery Snail (Johnson et al., 2009). This may be explained by a low level of phosphorus
excreted, compared to other snails, thus creating a phosphorus “sink”, reducing its availability in
the environment (Johnson et al., 2009). These changes could cause significant adverse impacts to
other species that use these aquatic ecosystems, including Atlantic whitefish and brook floater
mussel, as well as many other species at risk that are already threatened by other natural

disturbances (COSEWIC, 2009; Fisheries and Oceans Canada, 2018; Kingsbury et al., 2021).

5.2. Impacts On Habitat Integrity

Chinese Mystery Snails have been shown to cause changes to algal communities, and nitrogen

and phosphorus ratios in the water column. In an anthropogenic dynamic, they have the potential
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to damage human infrastructure, such as drainage and reservoirs, and be the cause of windrows

of shells on shorelines (Kingsbury et al., 2021).

Previous mesocosm studies have demonstrated that the Chinese Mystery Snail causes significant
increases in the molar ratio of phosphorus and nitrogen in aquatic ecosystems (Johnson et al.,
2009). They also influence algal growth in mesocosms by decreasing sediment periphyton and
benthic algae, thus decreasing levels of chlorophyll a and altering benthic algal communities

(Johnson et al., 2009; Kingsbury et al, 2021; Mo et al., 2017).

6. Summary
This compilation of information regarding the ecology, distribution, life history and prospective
impacts of the Chinese Mystery Snail may be used to assess its further distribution,
establishment, and impacts to Canadian aquatic ecosystems. With the first occurrence of Chinese
Mystery Snail within Canada in St. John’s, Newfoundland in 1905, the species has made its way
through the southern parts of many provinces, west to British Columbia (Kingsbury et al., 2020).
The main pathways of distribution are considered to be human-mediated transport via adhesion
to boat hulls, recreational activities, pet-trade, and potentially by waterfowl. The species is
difficult to eradicate, as a consequence of its operculum, which seals the shell when threatened or
in the presence of ecological disturbance, making this species resilient to desiccation for up to
nine weeks (Unstad et al., 2013), heat (Burnett et al., 2018) and chemical management (Haak,
2014; Haak, 2015). The Chinese Mystery Snail cannot be effectively managed through the use of
culling methods or drawdowns (Unstad et al., 2013). Chinese Mystery Snail may disrupt
nitrogen and phosphorus levels in aquatic ecosystems, thus increasing the likelihood of

eutrophication in water bodies where they have successfully established (Kingsbury et al., 2021;
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Mo et al.,2017). They may also alter food web interactions and trophic systems, through
competition with indigenous snail species and potentially other invasive species in the same
waterbody, as demonstrated in studies involving both Rusty crayfish and Chinese Mystery Snail
(Johnson et al., 2009). Interactions between Chinese Mystery Snail and an additional invasive

species may have additive consequences or be facilitative (Johnson et al., 2009).
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Figures

Figure 2.1. A) View of operculum on the ventral side of a Chinese Mystery Snail. B) Side view
of a Chinese Mystery Snail. Images by Megan Edgar (University of Alberta).
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Figure 2.2. Map of countries with reported detections of Chinese Mystery Snail
(Cipangopaludina chinensis). Countries in red represent invaded countries outside of the native
range, whereas countries in green are designated to regions where Chinese Mystery Snails are
native.
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Figure 2.3. Map of provinces with reported detections of Chinese Mystery Snail
(Cipangopaludina chinensis).
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Figure 2.4. Occurrences of Chinese Mystery Snail (CMS) in western Canada and the United
States of America. The map on the left is the extent of southern British Columbia (B.C.).
Occurrence dataset points retrieved from GBIF (2021).
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Figure 2.5. Occurrences of the Chinese Mystery Snail (CMS) in eastern Canada (Ontario,
Quebec, New Brunswick, Nova Scotia), and the United States of America. Occurrence dataset
points retrieved from GBIF (2021).
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Executive Summary

The Chinese Mystery Snail Cipangopaludina chinensis (Gray, 1834), a species native to Asia, is
documented for the first time in Alberta, Canada, in McGregor Lake Reservoir in 2019. Here, we
describe the initial finding of C. chinensis in Alberta, Canada, and biological information that
may aid management efforts. Collected specimens were confirmed as C. chinensis through DNA
barcoding. Analysis of growth rate, fecundity, and infection by digenean trematodes was
assessed. It is unknown how C. chinensis arrived in Alberta. However, this species’ ability to
withstand environmental stressors, such as desiccation, facilitates overland and long-distance
transport via recreationists or deliberate release of C. chinensis into waterbodies. Snails collected
from McGregor Lake Reservoir matched with GenBank results for C. chinensis from Korea.
Analysis of digenean trematodes revealed that the population in McGregor Lake are not infected,
as there were no cercariae present after 24 hours. Growth assessment over a period of 60 weeks
revealed that shell length growth quickly outpaces growth in shell width. Upon emergence, C.

chinensis are larger than many native snail species. The expansion of C. chinensis into Alberta

30



poses potential negative consequences, such as decreased native snail biomass, increased

nitrogen to phosphorus ratios, and additive impacts when paired with other invasive species.

Introduction

The Chinese Mystery Snail, Cipangopaludina chinensis is a viviparid mollusc native to Asia (
Jokinen 1982; Solomon et al. 2010). Cipangopaludina chinensis has two subspecies, C. C.
chinensis (Gray, 1834) and C. c. laeta (Martens, 1860). Here, we focus on C. chinensis clade
introduced into North America through San Francisco, California, in the 1890s (Kingsbury et al.
2021). C. chinensis are well established in the United States, with the largest populations in the
upper midwest and northeastern states (McAlpine et al. 2016; Kipp et al. 2014). In Canada, C.
chinensis are established in southern Ontario, including Lake Erie, western Lake Ontario, the
Kawartha Lakes, and Crower, Moira and Trent River drainages (Therriault and Kott 2002),
Québec (Clarke 1981; Tornimbeni et al. 2014), British Columbia (Clarke 1981), and Atlantic
Canada (Nova Scotia, New Brunswick Prince Edward Island, Newfoundland (McAlpine et al.

2016; Kingsbury et al. 2021)).

Cipangopaludina chinensis were first reported in 2019 in Alberta, Canada, from
McGregor Lake Reservoir, near the Village of Milo. Date of introduction, population history,
and extent of dispersal from the first introduction at the site are unknown. Before discovery, C.
chinensis were listed under the Fisheries Act of Alberta as a prohibited species, making it illegal
to possess, release, sell or transport the species within the province (Alberta Environment and
Parks 2019). Further, federal legislation under The Fisheries Act, Aquatic Invasive Species
Regulations (Government of Canada 2015) prohibits the possession and sale of C. chinensis in

Alberta. Despite these prohibitions, C. chinensis are sold as a food item in Asian food markets
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and in the aquarium and pet trade across North America (Wyman-Grothem et al. 2018). Human
dispersal of C. chinensis and seeding of water bodies are likely important in spreading this

species in North America.

Research suggests that C. chinensis are challenging to eradicate once established.
Difficulty in eradication is a direct consequence of the operculum, which protects the species
internal viscera from desiccation (Figure 1). C. chinensis may survive out of water for up to nine
weeks, and chemical means of population control, including traditional molluscicides such as
rotenone and copper sulphate, are apparently ineffective (Haak et al. 2014; Unstad et al. 2013).
According to Unstad et al. (2013), C. chinensis cannot be managed via culling methods or
drawdowns. Burnett et al. (2018) found C. chinensis exhibits an upper thermal tolerance of 45 °C
but they did not determine a lower lethal temperature limit, thus further supporting its probable
overwintering ability in regions with colder winter temperatures like Alberta. Within their
indigenous range C. chinensis serves as a host for several helminth parasites that affect humans,
including human intestinal fluke (Chung and Jung 1999). Conceivably, parasites that may
negatively impact non-native ecosystems can be introduced from C. chinensis (Harried et al.

2015).

This paper reports our initial research and monitoring efforts on the occurrence and
implications of C. chinensis in Alberta. Monitoring and tracking the occurrence and spread of
non-native C. chinensis in Canada is key to mitigating potential ecological and economic harm
(Lodge and Shrader-Frechette 2003). Research and monitoring often focus on charismatic and
game species (Thomsen et al. 2014; Tensen 2018) such as sportfish or the organisms that impact

them (i.e. whirling disease; Mayhood 2000; Bartholomew et al. 2005). This may allow less
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conspicuous organisms, such as benthic invertebrates, to spread unnoticed until they become

problematic in an ecosystem.

Material and methods

Cipangopaludina chinensis were first observed by one of the authors (RL) in McGregor Lake
Reservoir, Alberta, in 2019. McGregor Lake Reservoir (50.5696°N; 112.8828°W; W(GS84) is an
off-stream storage reservoir built in 1920 next to the Village of Milo and situated approximately
30 kilometers east of the town of Vulcan in southern Alberta, Canada (Mitchell et al. 1990)
(Figure 3.1). McGregor Lake Reservoir is part of the Oldman River drainage basin, although
most water input is via diversion from the Bow River (Mitchell et al. 1990). Immediately
downstream to the south and then south-east of McGregor Lake Reservoir are Travers and Little
Bow Lake Reservoirs, respectively (Figure 3.1). The three reservoirs are part of the Carseland-
Bow River Headworks system. Travers and Little Bow Reservoirs do not currently have any

reports of C. chinensis.

In October 2019 and August 2020, visual shoreline surveys were conducted. C. chinensis
were surveyed for at nine different locations around McGregor Lake Reservoir in 2019, resulting
in the collection of twenty-six live snails (Supplementary material Table S1; Figure 3.2). In
2020, searches at McGregor Lake, Travers Lake, and Little Bow Reservoir were surveyed more
intensively to determine the extent of C. chinensis occurrence, utilizing an Eckman dredge and
kick samples to collect benthic samples. An additional 58 live snails were collected. Species was
first identified morphologically following a key created by Lu et al. (2014). Broad similarities to
other viviparid species, notably the Japanese mystery snail, C. japonica (von Martens, 1861),

prompted molecular investigation, the preferred method for distinguishing the species
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(Kingsbury et al. 2021). The collected snails were further used to assess growth rate, fecundity,

and digenean trematode infection.

DNA barcoding

Genomic DNA from tentacle clips taken from three individual snails was extracted using the
DNeasy Blood and Tissue kit (Qiagen, USA). A ~ 710 fragment of cytochrome ¢ oxidase 1
(CO1) was amplified using the forward and reverse primer pairs published by Folmer et al.
(1994): (HCO2198 and LCO 1490). Endpoint Polymerase Chain Reaction (PCR) was carried out
in a 50 pl reaction mixture using the following cycling parameters: 92 °C for 2 min, 92 °C for 40
s, 51 °C for 1 min, 68 °C for 1 min and 68 °C for 7 min. Amplicons were visualized on 1%
agarose gels, and bands at the expected size were extracted and purified using the QIAquick Gel
Extraction Kit (Qiagen, USA). Sanger sequencing using the HCO2198 and LCO1490 primers
was carried out on the purified amplicons (Macrogen Inc, South Korea). Sequences were input
into Geneious version 11.0.6 (Kearse et al. 2012; http://www.geneious.com), trimmed, aligned,
and the resulting consensus sequences were queried against the BLASTn database (Zhang et al.

2000).

Phylogenetic analysis

All COI sequences were checked for quality by viewing chromatograms and quality scores in
4peaks (Nucleobytes) software. Primer regions were trimmed and transferred to Geneious Prime
2019 (https://www.geneious.com) to align the forward and reverse sequences. The three 659

base pair consensus sequences were identical to each other. The representative sequence
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(GenBank # OK147091) was then compared using BLASTn against the NCBI GenBank
database. GenBank submissions representing C. chinensis, or closely related species were
selected for subsequent phylogenetic analysis. When possible, submissions for which voucher
specimens had been submitted were used. Geneious Prime was used to create nucleotide
alignments for the selected sequences. Alignments were trimmed to the shortest sequence length
(which was the 530 nucleotide outgroup CO1 sequence) prior to analysis. Bayesian inference
(BI) reconstructions were generated using the Mr. Bayes plug-in (Ronquist and Huelsenbeck
2003) in Geneious Prime with a burn-in of 100,000, a chain length of 1,000,000, and sub-
sampling frequency of 200. Maximum-likelihood (ML) analyses were run in the PhyML plug-in
(Guindon et al. 2010) for separate genus-level analysis. The settings used were: 200 bootstraps,
proportion of invariable sites was fixed at 0, the number of substitution rate categories was 4, the
gamma distribution parameter was set to estimated and “topology/length/rate” was selected to be
optimized. GTR + invgamma was the best-supported nucleotide substitution model available in
the MrBayes plug-in in Geneious for BI analyses. The CO1 sequence for Viviparus contectus

isolate 1233 (MK517422.1) was used as an outgroup for the phylogenetic tree.

Assessment of fecundity and growth

Snails collected in 2019 were assessed for the presence of offspring. Those C. chinensis with
offspring (n = 6) were separated into individual aquaria in the lab and furnished with 10 cm of
autoclaved substrate collected from Lake McGregor. Snails without offspring were dissected and
sexed based on structures describe by Simone (2011) (16 males; 4 females). After offspring
emerged, the adult female snails were euthanized and dissected to confirm that all offspring had
emerged. Juvenile snails were kept in the same aquaria and individually marked using coloured

enamel paint before measuring shell width and length. Juvenile snails were fed algae pellets
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(Hikari, USA) weekly and kept at 17 °C in a room with a 12-hour day/night cycle. Shell

morphometrics were collected weekly until all snails had died (60 weeks).

Assessment for infection by digenean trematodes

The 84 snails from 2019 and 2020 were isolated individually in containers with artificial spring
water at a depth of ~ 3 cm for 24 hours in a 12 hour day-night cycle (Gordy and Hanington
2019), the water was then assessed to see if any trematode cercariae had emerged from the

snails, using a Zeiss V16 stereomicroscope.

Results

Visual shoreline surveys in October 2019 confirmed the presence of C. chinensis at McGregor
Lake at the north end of the Reservoir (Table S1). Cipangopaludina chinensis shells found on
beaches south of the boat launch ranged from 5 to 50 mm in length. No C. chinensis were found

in Travers Lake Reservoir (Figure 3.1; Table S3.2).

All three snails for which CO1 sequences were obtained returned a 100% nucleotide
identity to GenBank submission # MN997925.1, identified as a Cipangopaludina chinensis
specimen (voucher ZMB 192694) from Korea. The Alberta C. chinensis (OK147091) formed a
monophyletic group with other C. chinensis (Figure 3.3), confirming the results of the BLASTn
analysis.

Six female C. chinensis yielded offspring that were assessed for growth over 60 weeks. A
total of 116 juvenile snails emerged from the females. The mean number of juveniles was 19.3,

with 25, 23, 23, 19, 13 and 13 individual juveniles emerging from each female (Table S3.2).

36



Upon emergence, mean shell width was 5.13 + 1.45 mm and mean shell length was 5.9 + 1.6
mm. The width:length ratio on the day of emergence was 0.87 + 0.02 (n = 116). Weekly
measurement of shell width and length over a 60-week period indicates that shell length growth
(slope 0of 0.2821) outpaces growth in shell width (slope of 0.209) with a width:length ratio of
0.76 (n = 1) measured on week 60 (Figure 3.4).

None of the 84 snails assessed for digenean trematode infection produced any cercariae

after 24 hours.

Discussion

We confirm the presence of non-native C. chinensis in Alberta, Canada, notably at the north end
of McGregor Lake Reservoir, where the boat launch recreation areas are located (Figure 3.2).
We suggest that at McGregor Lake Reservoir C. chinensis has met criteria for four of the five
stages of species invasion: arrival, establishment, growth, and reproduction (Lockwood et al.
2007). As of yet there is no evidence to confirm the fifth stage, dispersal, of C. chinensis from
McGregor Lake Reservoir to other waterbodies in Alberta. The two closest waterbodies, Little
Bow and Travers Lake Reservoirs, have been surveyed but to date found to be negative for C.
chinensis. Should C. chinensis disperse to these adjacent water bodies, continuous monitoring at

these sites will be required for early detection.

DNA barcoding of CO1 suggests that the snails invading McGregor Lake Reservoir are
C. chinensis. This conclusion is supported by phylogenetic analysis that groups the Alberta CO1
sequences, which are identical to each to other, in a monophyletic group with other C. chinensis.
Our phylogenetic analysis closely resembles recently constructed phylogenies for C. chinensis

(David and Cote 2019).

37



Our study determines that populations of C. chinensis in Alberta grow allometrically;
shell width to shell height ratio decreases as the shell increases in size, from juvenile to adult life
stages, as also reported from studies by Jokinen (1982). Growth assessment of C. chinensis
affirms that juvenile C. chinensis emerge larger than some adult native species in Alberta
(Clifford 1991), and that adult C. chinensis are larger than any native freshwater gastropod
species (Liu et al. 1995; Kingsbury 2021). The large size of C. chinensis, when compared to
native snails, may facilitate their avoidance of predators in Alberta waterbodies. A study by
Johnson et al. (2009) saw that when non-native C. chinensis co-occurs with native snails,
crayfish attack the native snails at a higher rate than C. chinensis, as a result of their larger size
and thicker shell, exacerbating predation on native gastropods. Already, C. chinensis is
documented to have facilitative interactions with invasive species in their introduced regions
(Haak 2015). This suggests that C. chinensis may interact with Northern Crayfish (Faxonius
virilis), a crayfish that has recently expanded its native range from the Beaver River drainage of
Alberta (Williams et al. 2011). Further, a behavioural study by Sura and Mahon (2011)
determined that the presence of crayfish, as detected by chemical cues, causes native snails to
decrease their feeding rates relative to the absence of crayfish; a costly behavioural change, as
this effects metabolism, growth, and reproduction. A report from 2013 determined that 74% of
freshwater gastropods are presently suffering declines (Johnson et al. 2013). Where C. chinensis
is introduced, there is a potential that native snails will have much lower feeding rates, especially
where crayfish are present (Sura and Mahon 2011), presenting a facilitative interaction between

two non-natives (Ricciardi 2001).

38



Annual fecundity on average is between 25 and 30 juveniles per female (Stephen et al.
2013), with specimens from Alberta producing offspring numbers somewhat below this at 19.3
juveniles per female. However, previous research has shown that even one gravid female is
sufficient to found a population, with C. chinensis producing young every year until death
(Stephen et al. 2013). Female C. chinensis also grow larger than male conspecifics (Jokinen
1982), and because of predator aversion due to their larger size, and these characteristics could

facilitate reproduction and survival in Alberta, and potential spread.

We did not detect any C. chinensis from McGregor Lake infected with larval digenean
trematodes. Parasites detected in C. chinensis in North America include Cyathocotyle bushiensis,
a parasite known to cause mortality in dabbling ducks (Hoeve and Scott 1988), and
Aspindogaster conchicola, a parasite known to infect fish, freshwater bivalves and turtles
(Harried et al. 2015; Kingsbury 2021). According to Karatayez et al. (2012), parasite prevalence
in C. chinensis is much lower than in native snail species. However, continual monitoring for
parasites on C. chinensis is needed as warmer water temperature could result in an increase in the
prevalence of parasites. Previous research has shown that metacercarial infections were found in
snails in Lake Wabuman, Alberta, where water was kept warm year-round due to thermal
effluents, at temperatures between 5 and 24 °C (Sankurathri and Holmes 1976).

Based on our findings, survey efforts focussed on water depths of 1-4 meters may be the most
effective for detecting snail presence (Table S1). Extra consideration should be focussed on areas
with artificial substrates, riprap, submerged vegetation (Chaine 2012), and where there are
stagnant waters (Perron and Probert 1973). Vigilance should be taken near the northern end of
McGregor Lake Reservoir, where the boat launch and recreation area are located, as those

location types are speculated to be critical factors for habitat suitability (Solomon et al. 2010). In
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addition to potential impacts on native snails species, other documented and potential impacts of
introduced C. chinensis in invaded water bodies include: increasing nitrogen to phosphorus ratios
of surface water (Johnson et al. 2009); additive impacts to ecosystems when paired with other
invasive species (Johnson et al. 2009; Olden et al. 2009); and potential food web effects (Sura
and Mahon 2011; Kingsbury et al. 2020).Without management efforts that involve enforcing
legislation now in place, public education, and continued monitoring, the range of the C.

chinensis in Canada is only likely to expand.

Conclusions

Continued monitoring to track dispersal of C. chinensis in Alberta, Canada, is recommended.
Further studies to document C. chinensis impact on aquatic systems in Canada and facilitate
invasive species management are required. In Alberta, watershed managers should monitor
Travers and Little Bow Lake Reservoirs adjacent to the McGregor Lake Reservoir, where C.

chinensis 1s now established.
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Figures

Figure 3.1. Shell of an individual C. chinensis from McGregor Lake Reservoir, Alberta, Canada.
A. Abapertural view. B. Apertural view. Scale bar = 1 cm. Photo by: Megan R. Edgar.
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Figure 3.2. Location of sites surveyed for Chinese Mystery Snail in McGregor Lake and Travers
Lake, Alberta, Canada. The inset map shows the survey area relative to British Columbia (B.C.),
Saskatchewan (Sask.) and the United States of America boundary. Yellow triangles = C.

chinensis detected; blue circles = C. chinensis not detected.
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Figure 3.3. Maximum Likelihood (ML) tree of COI barcodes showing phylogenetic position of
Cipangopaludina chinensis collected from McGregor Lake Reservoir in southern Alberta,

Canada.
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Figure 3.4. The growth of juvenile Cipangopaludina chinensis from McGregor Lake Reservoir,
Alberta, Canada Shell length (dark grey) rapidly outpaces an increase in shell width (light grey)
over the first 60 weeks of life. Starting population size of this study was 116 juvenile snails
originating from six females. No snails survived to week 60. The shaded areas represent the
standard deviation.
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Supplementary Materials
The following supplemental material is available for this article.

Table S3.1: Visual shoreline surveys for C. chinensis at seven locations on McGregor Lake
(Figure 1) and two at Travers Reservoir, conducted by AEP and ASERT in October 2019. Note:
Little Bow Reservoir and Little Bow Provincial Park are different. Little Bow Provincial Park is
on Travers Reservoir, whereas Little Bow Reservoir is its own waterbody.

Presence of

Reservoir Site C. chinensis Comments
McGregor Supply canal to Negative -
McGregor Lake
Parks
McGregor Recreational Positive A high number of shells

Area (west shore)

East shore
(opposite to
Recreational
Area)

McGregor Positive A high number of shells

Wetland near
Highway 842
McGregor (south of Negative -
Recreational
Area)

Shells present, though
significantly less than the
Parks Recreational Area

Shoreline
McGregor southwest of the Positive

town of Milo
and the East shore

Highway 531
bridge over
McGregor Lake
(north shore)
Highway 529
bridge, over
McGregor Lake
(south canal)

McGregor Negative -

McGregor Negative -

Little Bow
Travers Provincial Park Negative -
(boat launch and

beach)

Travers Reservoir
(south shorelines
along Township

Road 142)

Travers Negative -
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Table S3.2: Measurement data collected during dissections of C. chinensis, collected in 2020.
Samples were collected from McGregor Lake, Alberta.

McGregor Lake 17-08-2020 Incidental na 41 29.1 21.69 20 0.96
McGregor Lake 17-08-2020 Eckman dredge 4 439 25.3 15.35 22 1.52
McGregor Lake 17-08-2020 Eckman dredge 34 35 33 10.88 18 0.78
McGregor Lake 12-10-2019 Shoreline sampling ~lm 51.3 37.5

McGregor Lake 12-10-2019 Shoreline sampling ~lm 45 31.7 25

McGregor Lake 12-10-2019 Shoreline sampling ~lm 30.8 24.6

McGregor Lake 12-10-2019 Shoreline sampling ~lm 19.2 17.9

McGregor Lake 12-10-2019 Shoreline sampling ~lm 319 26.4 23

McGregor Lake 12-10-2019 Shoreline sampling ~lm 40.9 29.7

McGregor Lake 12-10-2019 Shoreline sampling ~lm 27.5 21.6

McGregor Lake 12-10-2019 Shoreline sampling ~lm 422 30.5 23

McGregor Lake 12-10-2019 Shoreline sampling ~lm 24.6 19.8 13

McGregor Lake 12-10-2019 Shoreline sampling ~lm 273 22.7

McGregor Lake 12-10-2019 Shoreline sampling ~lm 30.8 25 19

McGregor Lake 12-10-2019 Shoreline sampling ~lm 42.8 31.8

McGregor Lake 12-10-2019 Shoreline sampling ~lm 19.2 16.4

McGregor Lake 12-10-2019 Shoreline sampling ~lm 29.2 24.2 13

McGregor Lake 12-10-2019 Shoreline sampling ~lm 37 26.7

McGregor Lake 12-10-2019 Shoreline sampling ~lm 31 243

McGregor Lake 12-10-2019 Shoreline sampling ~lm 38.8 29.6

McGregor Lake 12-10-2019 Shoreline sampling ~lm 39.3 30.7

McGregor Lake 12-10-2019 Shoreline sampling ~lm 35.1 27.3

McGregor Lake 12-10-2019 Shoreline sampling ~lm 29.9 249

McGregor Lake 12-10-2019 Shoreline sampling ~lm 43.7 33

McGregor Lake 12-10-2019 Shoreline sampling ~lm 39.9 30.2

McGregor Lake 12-10-2019 Shoreline sampling ~lm 39.7 29.5

McGregor Lake 12-10-2019 Shoreline sampling ~lm 34 26.8

McGregor Lake 12-10-2019 Shoreline sampling ~lm 38.2 28.6

McGregor Lake 12-10-2019 Shoreline sampling ~lm 26.1 21
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Chapter 4

Group and community trophic structure within reservoirs in Southern Alberta in
the presence of Cipangopaludina chinensis and Faxonius virilis

Executive Summary
We conducted a study using multiple dietary metrics (8'°N, §'3C, and gut-content analysis) to

investigate diet shifts in reservoir systems where there are two sympatric aquatic invasive species
(Cipangopaludina chinensis and Faxonius virilis), where there is one invasive species (F.
virilis), and where there are none. We assessed reservoir populations of three main recreational
fish species (Northern Pike (Esox lucius), Lake Whitefish (Coregonus clupeaformis), Walleye
(Sander vitreus)) to compare resource use in each lake and to investigate whether invasive
species may be altering this. We applied a Bayesian mixing model and determined that
macrophyte proportion in diets of native recreational fish species changes with the addition of
only one aquatic invader in the system. C. chinensis and F. virilis are competing for niche space,
which may be limiting the adverse impact caused by the addition of another invasive species into
that aquatic ecosystem. All three recreational species are experiencing diet switching to a more
piscivorous diet when sharing an ecosystem with aquatic invaders, which may be due to reduced

energy content of the diet when C. chinensis and F. virilis are added to the ecosystem.
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1. Introduction

Invasive species are among the leading causes of biodiversity decline globally. As non-native
species become established, they can out-compete or predate on native species, changing food
web structure and altering ecosystem function (Olden et al. 2009; Drake and Mandrak 2014).
Additionally, non-native species can alter trophic dynamics, including the fundamental flows of
nutrients and energy (Schindler and Scheuerell 2002). Invasive species are spread through
multiple different modes, including intentional stocking, aquarium releases, canal construction,
international shipping (Rahel and Olden 2008), the ornamental pet trade, food markets, and
recreationists (Jokinen 1992). Climate change and non-native species may react synergistically
(Rahel and Olden 2008), which compounds the need to understand the complex nature of

interactions in food webs where non-native species have been introduced.

Chinese Mystery Snail (Cipangopaludina [=Bellamya] chinensis Gray, 1834) and
Northern Crayfish (Faxonius virilis), are two invasive species found in Alberta, Canada. C.
chinensis are native to Asia, specifically to China, Taiwan, Korea, Japan, and Russia (Kingsbury
et al. 2020). They arrived in North America in the late 1890s and it is speculated that they were
introduced through food markets in San Francisco and radiated outward from that region. Since
then, C. chinensis have established in 34 of the United States, and in Canada they are found in
Newfoundland and Labrador, Ontario, Nova Scotia, New Brunswick, British Columbia, and
Alberta (Kingsbury et al. 2020). C. chinensis is a relatively recently introduced species in
Alberta (Edgar et al. 2022). In 2019, this species was officially documented to have established
in McGregor Lake Reservoir. Due to their recent and localized arrival in Alberta, there is little
known about how they may impact aquatic ecosystems. They are known to have adverse effects

on natural ecosystems outside of their native range. Studies involving C. chinensis in other
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regions have shown that they can reduce algal species composition and biomass, increase
nitrogen to phosphorous ratios, promote eutrophication, and potentially alter food webs

(Kingsbury et al. 2021; Haak 2011.).

Canada has 11 species of crayfish, with F. virilis being the most widespread species. This
species is historically known to naturally occur east of the Continental Divide, from
Saskatchewan to Québec (Phillips et al. 2009; McAlpine et al. 1999; Clark and Lester, 2005), but
have expanded their range from Saskatchewan to Alberta (Van Mierlo 2022). They can now be
found throughout Alberta, including the North and South Saskatchewan River basins. F. virilis
has the potential to affect the benthic ecosystems and have adverse consequences for waterbodies
in invaded regions, if left unchecked (Phillips et al. 2009, Van Mierlo 2022). In many
ecosystems, crayfish species are often the largest invertebrate present (Momot 1984). Studies
have noted that their ability for aggressive predation and habitat alteration can make them
particularly impactful in regions that previously lacked these species (Momot 1984; Phillips et
al. 2009). Previous work in the United States Midwest shows that lakes that were invaded by
crayfish altered the feeding behaviour of predatory fishes, pushing them to feed in the littoral
zone and leading them to occupy a lower trophic position (Nilsson et al. 2012; Prestie et al.

2019; Kreps et al., 2016).

There have been studies investigating the interactions between C. chinensis and various
crayfish species in lab and mesocosm settings, but fewer looking at these interactions in natural,
large-scale settings. Previous work shows that Rusty crayfish (Orconectes rusticus), a species
physiologically similar to F. virilis, are able to consume C. chinensis. This suggests that the two

species may interact in locations where they have both established (Solomon et al. 2010).
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Another study concluded that the dual effects of predation by crayfish and competition with C.
chinensis was found to have additive impacts on native snails than if there were only one non-
native species (Johnson et al. 2009). In Washington, USA, C. chinensis may have exacerbated

the abundance of F. virilis, by providing an abundant prey source (Olden et al. 2013).

Food web structure is a measure of energy flow within an ecosystem. Food webs can be
identified by using stable isotopes of carbon and nitrogen. These stable isotopes are a powerful
method for estimating trophic positions and carbon flow to consumers in food webs. Stable
isotope analysis and Bayesian mixing models are two of the most important tools for examining
the structure and dynamics of food webs (Saporiti et al. 2015). Carbon isotopes describe the
primary energy source and can show the difference between benthic and pelagic primary
producers. Stable isotopes of nitrogen show the boundaries between trophic levels, therefore
helping determine the trophic position of a species (O’Reilly et al. 2002). Invasive species are
known to potentially change food web structures, by lengthening or shortening food chain
length, and impacting the remaining organisms in an ecosystem (Prestie et al. 2019; Cabana and
Rasmussen, 1994; Vander Zanden and Rasmussen 1996). Moreover, invasive species often had
wider niches and a higher abundance and plasticity in resource use compared to native species,

increasing their competitive capabilities (Tilman 1999; Yalgin Ozdilek et al. 2019).

Our study investigates the impacts of both C. chinensis and F. virilis on a large scale. The
objectives of this study were to 1) determine the difference in trophic characteristics between
reservoir communities where invasive species are sympatric, where only invasive crayfish are
present, and where there are no invasive species present, and; 2) describe the trophic interaction

between C. chinensis and F. virilis in aquatic food webs. I hypothesize that with the presence of
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only one aquatic invader will create bottom-up effects on the food-web, and an additional
invasive species will amplify these effects, creating shifts in fish trophic positions by moving
basal energy away from the higher trophic levels through consumption of algae and
macrophytes, or by providing a new prey resource (Twardochleb and Olden 2016; Kingsbury et
al. 2021). I also hypothesize that C. chinensis and F. virilis will have overlapping niches, either
through competition for resources or through the predation of C. chinensis by F. virilis (Johnson
et al. 2009). We used stable isotope analysis and gut-content analysis, jointly, to help determine

answers and address these objectives.

2. Methods

2.1. Field sampling
Field sampling occurred at five lake reservoirs in southern Alberta in August and September of

2020 and 2021. There were three treatments: (1) reservoirs that have C. chinensis and F. virilis,
(2) reservoirs where there are only F. virilis, and (3) the reference treatment where there were no
invasive species found or reported. McGregor Lake Reservoir is occupied by both invasive
species, Travers Lake, Sherburne Lake, and 40-Mile Coulee Reservoir were occupied by F.
virilis only, and St. Mary’s Reservoir acted as a reference system (i.e., neither invasive species
present). There were no reservoirs with only C. chinensis as it occurs only in McGregor Lake
Reservoir. St. Mary Reservoir, Forty-Mile Coulee Reservoir, and Sherburne Lake are part of the
St. Mary River Irrigation District. McGregor, Travers, and Little Bow are all part of the

Carseland-Bow River Headworks system. (Table 4.1; Figure 4.1).

At each reservoir, we collected: fish, aquatic invertebrates, macrophytes, periphyton,

native snails and clams, and where available, C. chinensis and F. virilis. To collect large-bodied
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fish species, such as Walleye (Sander vitreus) and Northern Pike (Esox lucius), we used multi-
mesh gillnets (7.62 m L x 1.83 m W, with stretched mesh sizes of 25, 38, 51, 64, 76, 102, 127,
and 152 mm, respectively, there are no spacers between the mesh panels), left at randomized
locations and depths in the lake for a maximum of 12 hours. To collect the small-bodied native
species, such as Spottail Shiner (Notropis hudsonius) and Yellow Perch (Perca flavescens), we
used two survey methods to maximize the chance of success in catching the required quantity of
each species; backpack electrofisher and beach seining. Beach seining was completed in 100 m
efforts, and repeated until at least 10 individuals of each species were caught. If not, backpack
electrofishing (Smith-Root LR24 backpack unit) was done in 100 m efforts, along accessible
areas on the shore. Kick net sampling for aquatic invertebrates was conducted at three separate
locations around the lake in accessible areas, at 0 m, 0.5 m, and 1 m depth perpendicular to the
beach. Simultaneously, macrophytes were collected at these three spots and depths. Periphyton
was scraped off rocks using a toothbrush and placed directly into 2.5 mL microcentrifuge tubes.
Native snails and clams were collected during 2-hour snorkel search efforts, or until at least 10
snails and 10 clams were collected. At McGregor Lake, C. chinensis were collected upon
incidental observation and 2-hour search efforts in areas where C. chinensis had been previously
confirmed to occupy (Edgar et al. 2022). Where F. virilis could be found, traplines with 5
modified minnow traps baited with Whiskas® Wet Cat Food were set at five different locations,
at least 50 m apart, per lake and left overnight for 24 hours. If the quota for at least 10
individuals was not captured the first 24 hours, traplines were reset. At St. Mary’s, despite no
historical reports of F. virilis, we set overnight traplines for three consecutive days to confirm
absence of species—All organisms were placed on ice and frozen immediately following

collection, and transported to the University of Alberta where they were kept frozen at -20°C.
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2.2. Lab analysis
In the lab, kick samples were thawed and individual invertebrates were identified to taxonomical

order or family, if all anatomical identifiers were present (Clifford 1991). Individuals of the same
taxonomical rank at each site were pooled to ensure a minimum of 0.4 mg of freeze-dried
homogenized tissue for the mass spectrometer. All macrophytes were identified to species
(Government of Alberta, 1989). Muscle tissue was collected from F. virilis for isotope analysis.
Foot tissue from C. chinensis and dorsal tissue from fish were retained for stable isotope
analysis. All plant and invertebrate tissues, F. virilis, C. chinensis, and fish tissues were then
freeze-dried for 24 hours at —54°C at 0.015 Barr in a LABCONCO® Freezone 1 Liter Benchtop
Freeze Dry System (Labconco, 2021). After freeze-drying, samples were homogenized using a
mortar and pestle in a sterile environment, with tools cleaned and disinfected in between samples
to retain sample integrity. Homogenized tissues were weighed to 0.4000 - 0.4999 mg into 6 mm
x 8 mm tin capsules using a UMX2 Ultra-Microbalance (Mettler and Toledo, 2004). Every 13®
sample was a replicate of the first sample for standardization and quality control. Samples were
analyzed using a Thermo Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS) (Thermo
Scientific Inc., Bremen, Germany). The IRMS is used to flash combust samples and convert
them into gases, which are then separated using chromatography. The intensities of the heavier
isotopes of 13C and 15N were compared to the international reference scales of vPDB and Air,
respectively. Finally, isotope values are reported in the standard delta notation, 3'°N and 8'*C for

analysis.
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2.3. Statistical Analyses and Modelling

2.3.1. Preliminary data investigation
Prior to analyses, the collected data were reformatted for use in food web analyses. Fishes were

grouped into functional feeding groups (e.g., general invertivore, piscivore, benthic
invertivore/molluscivorous), based on literature and predicted seasonal diet type (Amundsen and

Sanchez-Hernandez 2019; Doll and Jacquemin 2021).

Lipids have varying degrees of carbon turnover and tend to have lower 8!°C values in
comparison to carbohydrates and proteins. Therefore, I checked for the effects of inorganic
carbon and lipids on the data and any variability in benthic invertebrate data points to avoid bias
in our study (Silberberger et al. 2021). Samples with a C:N ratio higher than 4.0 were those that
required lipid correction (Post et al. 2007; Hoffman and Sutton 2010). Samples with problematic
C:N ratios occurred only among Lake Whitefish samples. I used a mathematical lipid correction
for fish muscle tissue (Equation 1), because chemical lipid removal risks affecting 8'°N values,
are proven to work as effectively as physical correction, and requires the preparation of duplicate

samples (Silberberger et al. 2021).

Equation 1:

0.048 + 3.9 -1

813C lipidcorrection = §13C + 7.018 * 1 ‘5%87

1+0.246 *C:N — 0.776

2.3.2. Selecting isotopic baselines and calculations
In order to choose a baseline and appropriate end-member for stable isotope analysis, I analyzed

functional feeding groups of invertebrates among all five reservoirs.
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Kruskal-Wallis rank sum test was used to determine if there were any differences
between functional feeding groups of invertebrates, as the data were non-normally distributed
(Kruskal-Wallis chi-squared = 39.108, df = 12, p-value = 0.000101, p<0.05). Pairwise
comparisons (Dunn test with Hochberg adjustment) and visual assessments of iso-space plots
were conducted, which resulted in no significant different differences between means of primary
consumer feeding groups. Additionally, patterns were inconsistent among reservoirs, therefore
all primary consumers (trophic level 2) excluding suspected predator species, were used to

calculate the baseline for all reservoirs.

Following the protocol outlined by Anderson and Cabana (2007), baseline 8!°N were
calculated and then used to calculate trophic position (TP), a function of raw 8'°N and §'3C
values (Equation 3). Corrected 8'3C, 8'*Ccorr, was also calculated using baseline 3'°N values

(Equation 2).

2.3.3. 813C Correction

63C values for consumer species were corrected using the following equation (Olsson et al.

2009).

Equation 2:

(613Ccon - 613Cubaseline)
CRbaseline

813C corr =
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2.3.4. Trophic Position

Trophic position was calculated for each consumer in each reservoir system using the following

equation for the single source trophic position model as outlined by Post (2002):

Equation 3:

(615Ncon — 615Nbase)

TP =1+
con n

Where TP, is the trophic position of the consumer/target species in its respective reservoir, A is
the trophic position of baseline organisms (A=2 for non-predatory, herbivorous benthic
invertebrates), 8'*Ncon is the raw isotopic nitrogen value of an individual consumer, 3" Npase is the
calculated baseline 8!°N value, and A, is the trophic enrichment factor (TEF) equal to 3.4%o (SD
= 1%o0). The 3.4%0 TEF value is widely used as a proxy for the trophic step from primary
consumers to predatory species (Silberberger et al. 2021). This TEF is a valid approximation for
the studied ecosystems, as it was developed largely on both pelagic and littoral species, and

suitable for other primary consumers in the ecosystems, as described by Post (2002).

2.3.5 Isotopic Niche and Food-web

The isotopic food web of each reservoir was analyzed using the Stable Isotope Bayesian Ellipses
in R (SIBER) (Jackson et al. 2011) and used to calculated Bayesian Layman metrics. '°N range,
8!3C range and mean distance to centroid (CD) are measures used to analyze the structure of the
food web within the 8!°N/ 8'3C scatterplot space. 8'°N range is a proxy for the length of the food
web, whereas the range of 8!°C values reflects the trophic diversity at the base of the food web

(Saporiti et al. 2015). Distance to centroid (CD) estimates the average degree of trophic diversity
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within each community’s food web and its redundancy (Micheli and Halpern 2005; Saporiti et al.
2015). Mean nearest neighbour distance (MNND) and the standard deviation of nearest
neighbour distance (SDNND) reflect the relative positions of the species to each other within the
community iso-space and may also be used as a proxy to estimate the extent of trophic

redundancy (Layman et al. 2007; Saporiti et al. 2015).

Due to the package sample size requirements, samples where there were less than three
individuals in a group were removed. This resulted in the removal of 7 samples. Isotopic niche of
select species within and between lake reservoir systems were analyzed using SIBER (Jackson et
al. 2011).

The SIBER model used to calculate Bayesian community metrics was run with the
following parameters to ensure model convergence: 10* iterations, 103 discard values, 10 thinned
posteriors, with 2 chains. SEAp modes and SEA credible intervals were calculated (Bayesian
calculated standard ellipse area modes and credible intervals) (Table 2).

I calculated both standard ellipse area corrected for small sample sizes (SEA.) and total area
(TA) of both C. chinensis and F. virilis (Table 3).
Within McGregor Lake, C. chinensis niche was compared to F. virilis niche, to

investigate any interaction or niche overlap between these two invasive species.

2.3.6. Mixing Models

Individual mixing models were run separately for each lake reservoir, using the MixSIAR
package for R (Stock et al. 2020). The package creates and runs Bayesian mixing models to
analyze 6'°N and 8'3C to estimate proportions of source (prey) contributions to a mixture

(consumer species). One key assumption that must be made for Bayesian mixing models is the
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selection of trophic enrichment factors (TEFs) (Bond and Diamond 2011). As was previously
used for the calculation of trophic position values, we assumed a trophic fractionation of 3.4 +
1%o for 8'°N for each trophic step (Post 2002). For 8’°C, a trophic fractionation factor of 0.4 +
1.3%o for each trophic step was used (Post 2002). Models converged with a chain length of
100,000, a burn in of 50,000, a thinning rate of 50, and 3 chains using the Dirichlet distribution
and an uninformative prior, which considers that all combinations of sources are equally likely to
occur (Stock and Semmens 2020). The choice to use the Dirichlet distribution was made because
although fish diets are generally known, quantitative diet composition was lacking for our
systems. Residual and process error, to account for variation in consumer tracer values due to
sampling process and agents of consumer variability (Stock and Semmens 2016), respectively,
were included in each reservoir’s mixing model. We confirmed model convergence using
Gelman-Rubin diagnostics (Gelman and Rubin 1992). Consumer species selected were
recreational, consumer fish species: Walleye, Northern Pike, and Lake Whitefish. Based on
reviews of our recreational fish species’ diets and available organisms during sampling, sources
were listed as any potential prey source (C. chinensis, F. virilis, macrophytes, benthic
macroinvertebrates, periphyton, Spottail Shiner, and Yellow Perch) (Amundsen and Sénchez-

Hernéndez 2019; Doll and Jacquemin 2021).

2.3.7 Stomach content analysis

Retained fish were collected whole, frozen immediately, and brought to the lab for both
dissection of muscle tissue, as well as stomach content analysis. The purpose of conducting
stomach content analysis was to better inform diet of collected consumer species, and determine

if they are consuming F. virilis and C. chinensis. Fish were thawed and stomachs were removed
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and placed in water-diluted ethanol (80:20, ethanol:water) to preserve contents but not cause
breakdown of identifiable features of invertebrates. The following metrics were collected for
each stomach: blotted wet weight (bww) of entire stomach, bww of item groups, count of items
belonging to each group, % fullness, and identification of item groups to class or family.
Unidentifiable organic matter was categorized as seston. However, due to the high proportion of
empty stomachs, stomach content dissections were only used to provide evidence regarding the
consumption of invasive species by consumer fish species. The frequency of occurrence of a
prey item equaled the number of times a prey item occurred in the fish species examined divided
by the total number of stomachs analysed for that species in a specific reservoir. Frequency of

items was then compared between treatments to assess whether diet items changed significantly.

3. Results

3.1. Catch data
A total of 868 samples were collected among Forty-Mile, McGregor, Sherburne, St. Mary, and

Travers Lake reservoirs. The quantities of each fish species, individuals within invertebrate
functional feeding groups, macrophyte and periphyton samples per lake are provided (Appendix;

Table 1).

3.2. Trophic Position
The result from the Kruskal-Wallis’s chi-squared test were significant when analyzing

differences of TP across treatment types (H=30.291, df=2, p-value=2.645*107). Values differed
significantly between the sympatric reservoir and control (p.adj=0.006), and sympatric reservoir
and F. virilis only reservoirs (p.adj=0. 000000115) but not between the control and F. virilis only
reservoirs (p.adj= 0.882). Similarly, a Kruskal-Wallis chi-squared test comparing differences of

813Ccor values across treatments was significant (H=21.914, df=2, p-value = 1.743*107). A

66



Dunn’s test pairwise comparison test resulted in 8'3Ceorr values that were significantly different
between the sympatric reservoir and control (p.adj=0.000131) and F.virilis reservoirs and control
(p.adj=0.0000203) but not the sympatric reservoir and F. virilis only reservoirs (p.adj=1) (Figure

4.3).

Northern Pike in systems with only one invasive species present have significantly higher
mean trophic position than Northern Pike in systems with both invasive species (p.adj= 0.00123)
However, there are no significant differences between Northern Pike 8'3Ceor values between

reservoirs (Figure 4.4).

Lake Whitefish demonstrated significant differences in mean trophic position between
systems with both invasives and with only F. virilis (p.adj= 0.00656), and the control reservoir
and systems with just one invasive (p.adj= 0.0000197). Systems with just F. virilis had a higher
mean trophic position when compared to the system with co-occurring invasives, and the control
group had the lowest mean trophic position. Significantly higher differences in mean 8'3Ceorr
values occur in systems with only one invasive compared to the system with both invasives
(p.adj= 0.0000444). The Lake Whitefish in systems with one invasive species, F. virilis, have a
significantly higher mean 8'3Ccorr value compared to the control system (p.adj=0.00000000426).

(Figure 4.4).

Walleye had significantly higher mean trophic positions in systems with only one
invasive species, compared to systems with both (p.adj=7.68e- 5). Similarly, Walleye in systems
with just one invasive species also had significantly higher mean trophic position than the

Walleye in the control system (p.adj=2.80e-11). There are significant differences between
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813Ccor values (H = 8.4888, df = 2, p-value = 0.01434) at the 5% level, however there were no

differences between groups using a Dunn-test. (Figure 4.4).

F. virilis have significantly different mean trophic positions between systems where it
occurred alone and where it occurred with C. chinensis (p.adj= 0.0377). However, no significant

difference in 8'3C.orr values exists between either treatment where F. virilis occur.

3.3. Comparing community trophic structure and trophic positions

On average, the systems with just one invasive species are lower in all the estimated community
metrics except in 8!°N range, which is higher. The range of §'°N is a proxy for “food web
length”. Contrary to our hypothesis, reservoirs with just F. virilis had wider food web lengths
than the systems with C. chinensis and F. virilis in sympatry. The control reservoir, St. Mary’s
Reservoir, had the lowest 8'°N range (3.0%o), followed by the lake with both invasives (3.3%o),
and then the systems with only crayfish having the highest 8!°N range (4.1%o). Generally, a

larger range in 8'°N indicates more trophic levels and a greater trophic diversity (Post 2002)

The reservoir with sympatric invasives have the highest 8'3C range (2.5%o),
comparatively to the control with second largest carbon range (2.1%o) and the reservoir with only

F. virilis which had the lowest carbon range (1.8%o).

With the addition of invasive species, the total area (TA), a proxy for the total extent of
trophic diversity within the food web, increased from an average of 2.4%o2, 2.7%o°, and 3.0%o>,

for the control, F. virilis only reservoirs, and sympatric reservoir, respectively. Distance to
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centroid (CD) was ultimately similar between all three treatments, with the control and sympatric
reservoir having an average CD value of 1.0%o and the F. virilis reservoirs having a CD value of

0.9%o.

However, nearest-neighbour-distance (NND) was highest in the control reservoir (0.7%o),
and similar between the F. virilis only reservoirs and sympatric reservoir (0.4 and 0.5%o,
respectively). (Table 4.2).

3.4. Comparing isotopic niche between C. chinensis and F. virilis in McGregor Lake
Reservoir

Due to McGregor Lake Reservoir being the only waterbody where C. chinensis and F. virilis are
sympatric, this is the only lake for which I calculated niche overlap and standard ellipse areas. C.
chinensis had an SEA. of 0.14%o? and F. virilis had a SEA¢ of 0.16%0” (Table 4.3; Figure 4.6). The
niche overlap between corresponding 95% prediction ellipses was calculated at 61.4% overlap
(Figure 4.5). Based on the Bayesian proportion calculations and posterior draws for both groups,
C. chinensis are predicted to have a 66.25% probability of having a smaller SEA, compared to F.
virilis. Total area for C. chinensis was calculated as 0.45%o°, whereas F. virilis in the same

waterbody have a larger total area of 0.73%o°.

3.5. Mixing Models: Determining diet source proportions of consumers in each reservoir

MixSIAR results for each reservoir + fish species + source combination and confidence

intervals (%), mean, and standard deviation values are presented in Appendix; Table A4.3.
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All three recreational fish species (Lake Whitefish, Northern Pike, and Walleye) utilize
macrophytes as a diet item in the control reservoir (81%, 40.9%, and 31.2%, respectively). In
invaded lakes, macrophytes contribute much less to diets. In McGregor Lake Reservoir,
macrophytes contributed 2.2, 4.2, and 0.9%, respectively, of Lake Whitefish, Northern Pike, and
Walleye diets. In Travers Lake Reservoir, macrophytes contributed 0.4, 1.7, and 0.6%,
respectively, of Lake Whitefish, Northern Pike, and Walleye diets. In Sherburne Reservoir,
macrophytes contributed 3.0, 2.9, and 1.0%, respectively, of Lake Whitefish, Northern Pike, and
Walleye diets. In Forty-Mile Reservoir, macrophytes contributed to 1.1, 0.5, and 0.3%,

respectively, of Lake Whitefish, Northern Pike, and Walleye diets (Appendix; Table 4.3).

Secondary consumers comprised a majority of the diet of Walleye and Northern Pike but
did not contribute as much to Lake Whitefish diet in the control reservoir (66.3, 52, and 12%,
respectively). However, in lakes where invasive species are present, the proportion of Lake
Whitefish diet attributed to secondary consumers, such as Spottail Shiner, increased to 83.7% in
McGregor Lake and 24.9, 77.4, and 59.1% for Travers, Sherburne, and Forty-Mile Reservoirs,
respectively. Though not as extreme, Northern Pike and Walleye also had slight increases in the
secondary consumer inputs to diets. In McGregor Lake, secondary consumers contributed 92.4
and 49.3% of Walleye and Northern Pike diets. In the reservoirs with only F. virilis present,
Walleye diets were comprised of 84.6, 91.6, and 93.2% secondary consumers (Travers,
Sherburne, and Forty-Mile Reservoir). Northern Pike were more conservative, and did not
increase to the same extent, with 50.2, 75.2, 84.6% of their diets attributed to secondary

consumers in Travers, Sherburne, and Forty-Mile Reservoir.
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In reservoir systems where there is only F. virilis present as an invasive species, the three
main recreational species are utilizing F. virilis as a food item at a higher proportion than when
F. virilis exists in sympatry with C. chinensis. In Travers Lake Reservoir, F. virilis contributed
2.5, 15.4, and 3.6%, respectively, of Lake Whitefish, Northern Pike, and Walleye diets. In
Sherburne Reservoir, F. virilis contributed to 10.2, 14.8, and 3.5%, respectively, of Lake
Whitefish, Northern Pike, and Walleye diets. And, in Forty-Mile Reservoir, F. virilis contributed
to 5.5, 3.1, and 1.7%, respectively, of Lake Whitefish, Northern Pike, and Walleye diets.

Then, in the sympatric reservoir, F. virilis contributed to 1.4, 5.7, and 1.2%. respectively, of
Lake Whitefish, Northern Pike, and Walleye diets. C. chinensis contributed to 1.4, 6.0, and
1.3%, respectively, of Lake Whitefish, Northern Pike, and Walleye diets (Appendix; Table

A4.3).

3.6. Gut content analysis
Of the 283 stomachs that were collected from fish samples, empty stomachs occurred in 40.6%

of the fishes. F. virilis were not a part of stomach contents in Forty-Mile or Sherburne Lake

Reservoirs. However, F. virilis in Lake Whitefish stomachs in Travers reservoir comprised 2.5%
of their diets, and 26% of Northern Pike diets. In McGregor Lake Reservoir, F. virilis comprised
50% of Northern Pike diets, and 14% of Walleye stomach contents. C. chinensis did not occur in

any of the analyzed stomachs.

4. Discussion

The overlap of C. chinensis and F. virilis trophic niche ellipses within McGregor Reservoir
suggest competitive exclusion (Meszéna et al. 2006), and to a lesser degree F. virilis alone, may

be leading to the decline of macrophyte availability, and alteration of fish diets.
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Changes in macrophyte availability in lakes and reservoirs have the potential to affect the
physical (light extinction, temperature, substrate, hydrodynamics) and chemical environments
(oxygen, inorganic and organic carbon, nutrients) and biota (Carpenter and Lodge 1986).
Bottom-up changes caused by a decrease in macrophyte biomass include declining fish
recruitment (Breck and Kitchell 1979), which ultimately leads to an overall decrease in
ecosystem productivity (Fontaine and Ewel 1979; Carpenter and Lodge 1986). In addition, the
formerly colonizable surface of macrophytes used by native snails would disappear with a

reduction of macrophytes (Carpenter and Lodge 1986).

Since it is relatively early in the introduction and establishment of C. chinensis in
McGregor Lake Reservoir, crayfish may directly and indirectly limit macrophyte biomass, thus
competing directly for diet items used by C. chinensis. Both consumptive and non-consumptive
effects caused by interactions between C. chinensis and F. virilis may lead to competitive
exclusion if the tolerable niche overlap is exceeded (Pianka 1974). This could explain the
overlapping isotopic niche space and absence of macrophytes in the diets of recreational fish.
Snails are also known to forego their preferred rock substrate with high periphyton abundance
for less desirable macrophytes in the presence of crayfish (Weber and Lodge 1990). Further,
after the initial introduction of C. chinensis into waterbodies, native snails will eat much more
than what is normal for native snails, having far reaching effects on the entire food web (Sura
and Mahon 2011). As suggested by their overlapping niches and because F. virilis have a larger
total niche area, C. chinensis may be outcompeted or used as a food source, exacerbating the
issue of F. virilis as an aquatic invader, as has happened in Washington, U.S.A. (Olden et al.

2013).
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Changes in fish trophic position would be expected if there were shifts in diet items
(Hoeinghaus and Zeug 2008), which occurred in the study reservoirs where only F. virilis was
present. Counter to this, the reservoir with both invasive species present shared similar trophic
ranges and average species-specific trophic positions as the uninvaded waterbody. Because CD
is a measure of average trophic diversity in the food web, and because all treatments are similar,
the trophic diversity may be similar between the treatment types. Reservoirs with higher NND,
the measure for overall density of species packing in an isotopic space, would indicate a smaller
number of species with similar trophic ecologies existing in the same ecosystem (Layman et al.

2007). (Table 4.2).

The changes in 8'3C range between invasion levels indicates shifts in the sources of
organism nutrition in these waterbodies (Vander Zanden et al. 1999), as carbon ranges widen
when both invasives are present but narrow when only one, F. virilis, is present. Increased §'°C
range is expected in food webs where there are multiple basal resources present (e.g., C.
chinensis and F. virilis in sympatry), which results in niche diversification at the base of the food
web. This may also be due to fish consuming less macrophytes where invasives are present,

diversifying their diets for nutrients they require but cannot acquire from macrophytes.

Reasons for fish consuming less macrophytes when invasives are present may be due to
the addition of invasive species that are both known to cause declines in aquatic vegetation
biomass. Crayfish destroy macrophytes (Carpenter and Lodge 1986). C. chinensis are consumers
of macrophytes and in larger densities are known to lead to collapses in macrophyte assimilation

in waterbodies (Kingsbury et al. 2021). Individually, the presence of these two invasives are
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also known to alter the behavior of native snail species (Sura and Mahon 2011). In my research
systems, native species may be reallocating energy in the presence of competition (with C.
chinensis) or predation (from F. virilis) by expending more energy on locating food as a result of
these interactions (Lewis et al. 2001; Cross and Benke 2002; Johnson et al. 2009), as
demonstrated by shifts in trophic positions. The presence of both C. chinensis and F. virilis may
also be leading to a decline in available macrophytes, in reservoirs where they are present. Lake
Whitefish, Northern Pike, and Walleye all consume significantly less macrophytes when
invaders are present (Appendix; Table A4.3), suggesting that macrophytes are not present in
dense enough volume to be used as a diet item due to resource limitation caused by invasive

crayfish on C. chinensis.

Shifts in the diets of recreational fish due to the presence of aquatic invasive species may
result in increased competition between species and avian piscivores (Pothoven and Madenjian
2013). Both Walleye and Northern Pike showed changes in diet and trophic position with the
addition of only one invasive species into the ecosystem. However, with the introduction of C.
chinensis, Northern Pike had a shift towards a lower trophic position. Conceivably, this may be
from a lesser proportion of their diet consisting of F. virilis and a shift in the basal diet
contribution. Walleye diets were significantly different with the addition of only F. virilis,
however when C. chinensis was added to the ecosystem, both trophic position and carbon range
were quantitatively lower. Shifts in diet create changes to trophic position and carbon range,
which may be due to lack of macrophytes and competitive exclusion between C. chinensis and F.
virilis when they are in sympatry. Walleye and Northern Pike do not historically actively prey on
mollusks (Diana 1979; Sheppard et al. 2015). However, a learning period might be needed for

predators to adapt to novel prey like C. chinensis (Brownscombe and Fox 2013). Further, when

74



at least one invasive species was added to the ecosystem, Lake Whitefish shifted from
consuming macrophytes to primary and secondary consumers, which created a shift towards a
higher trophic position as a result of increased piscivory. Shifts to piscivory in Lake Whitefish
have been associated with declines of body condition and growth and reduced energy content of
the diet when aquatic invasive species are added to the ecosystem (Rennie et al. 2009), which
has happened with the addition of Round Goby (Neogobius melanostomus) in Lake Huron and
the Sydenham River (Firth et al. 2021) and dreissenid mussels in the Great Lakes (Pothoven and

Madenjian 2013).

Though Walleye, Northern Pike, and Lake Whitefish may not be consuming C. chinensis
or F. virilis in larger proportions, and their diets are switching to more dominant piscivory in the
presence of invasives, there may be an “adaptive lag” period before they begin preying heavily

on these invasive species (Carlsson et al. 2009; Brownscombe and Fox 2013).

5. Further comments

Impacts of aquatic invasive species on fish are potentially muddled by context-dependencies
such as nutrient enrichment in lakes and reservoirs (Catford et al 2021), which modulate the
trophic niche (Almeda et al 2021) resulting in different impacts among invaded lake systems
(Boets et al 2021; Tatenda et al 2022). The reservoir systems in this study were in very close
proximity, if not adjacent, to agricultural lands. The potential for nutrient enrichment from
fertilizers and farming activities is very high, and with the last dissolved nutrient measurements
taken in 2013 and 2014, there is a chance that trophic level approximates could be altered or
interpreted incorrectly. Additionally, reservoirs and lakes in Alberta are suffering from drought,

due to stochastic weather events and increasing pressure from the agricultural industry.
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Stable isotopes only provide information on the flow of energy or nutrients throughout a
food web and do not offer definitive information when it comes to functional relationships
between organisms (Layman et al. 2012). There may also be non-consumptive effects of crayfish
on snails, mediated by trait changes, which could potentially alter their populations and may not
be entirely described by stable isotope analysis. One mechanism is by limiting the amount of
available habitat and restricting snails to vertical or near-surface refuges, consequently
decreasing carrying capacity (Lewis et al. 2001; Dorn 2013). This would be further impacted by
the extreme varying water levels that occur in reservoir systems, especially if snails are limited
to near-surface refuges. Also, non-consumptive interactions could lead to limited snail
populations if crayfish induce snails to invest in thicker shells, rapid growth, or costly migrations

to and from a refuge resulting in reduced reproductive effort (Dorn 2013).

Long-term collection of C. chinensis samples and habitat data for future occupancy
modelling of this species should be considered as not much is known about where this species
can successfully colonize in central and western Canada (Kingsbury 2020). Further fine-scale
investigation into the effects of C. chinensis on basal resources should be conducted, as this
study did not cover the scope needed to properly conclude the effect on native snail species and
the bottom-up effects that impacts to them might have. Further work should also assess relative
predation risk to C. chinensis and F. virilis in lotic waterbodies, as this may be a contributing
factor to their range expansion. Other work could also investigate fish body condition and
energetics with the addition of these invasive species, especially on Lake Whitefish as they are

diet switching towards piscivory.
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6. Conclusion

Community trophic structure in southern Alberta has changed because of the range expansion of
F. virilis and addition of non-native C. chinensis and resulting competitive exclusion. Native
recreational fish species are minimally consuming C. chinensis, however they consume F. virilis
at higher proportions in waterbodies where they are the sole aquatic invasive macroinvertebrate,
increasing recreational fish species trophic positions. Both C. chinensis and F. virilis are
exhibiting bottom-up trophic effects on fish species in invaded waterbodies by contributing to
the absence of macrophytes in diet, which may point to further major effects on aquatic
ecosystems. For now, C. chinensis and F. virilis are competing for resources, and in turn this
may be playing a part in limiting the amount of isotopic packing that can occur when additional
aquatic invasive species are added to a waterbody, as shown in reservoirs where F. virilis exists

allopatrically from C. chinensis.

Research regarding C. chinensis and F. virilis’ potential effects in sympatry, in large and
variable systems, have been lacking. This research provides an insight to the effects of these two
species when they exist together, as well as the effects of F. virilis, in reservoir ecosystems in
southern Alberta. This research also provides a baseline for future research that should be carried
out if C. chinensis is to persist, as is anticipated. Management of C. chinensis should focus on
long-term containment in McGregor Lake Reservoir and monitoring of the effects this species
will have on native species, particularly native snails and macrophyte biomass, if it continues to

persist in this location.
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Tables and Figures

Table 4.1: List of locations of each reservoir lake, surface area in hectares (ha), mean depth and
maximum depth (m)(max.), total phosphorous (TP (mg*L-1/year)) and total nitrogen (TN

(mg*L-1/year)).

Forty-Mile
McGregor Travers Sherburne St. Mary’s
Coulee
Latitude (°N) 50.42416 50.19515 49.64438 49.75645 49.36536
Longitude(°W) -112.85145 -112.77083 -111.39697 -111.77751 -113.12415
F. virilis Present Present Present Present Absent
C. chinensis Present Absent Absent Absent Absent
Surface area (ha) 4902.88 2281.86 674.75 407.12 3527.02
Mean depth (m)
6.80 (12.04) 14.30 (38.67) 15.63 (25.48) 7.26 (16.66) 10.4 (56.4)
(max.)
TP (mg*L")(year) 0.007 (2013) 0.012 (2013) 0.008 (2013) 0.032 (2014) 0.004 (2014)
TN (mg*L")(year) 0.226 (2013) 0.225 (2013) 0.373 (2013) 0.427 (2014) 0.107 (2014)
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Figure 4.1: Map of study locations (McGregor Lake, Travers, St. Mary’s, Sherburne Lake, and
Forty-Mile Coulee reservoirs) in Alberta (Alta.), Canada. Inset map shows study area (cross-
hatched rectangle) relative to Alberta’s provincial boundaries shared by British Columbia (B.C.)
and Saskatchewan (Sask.).
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Figure 4.2: Iso-space plot of means and standard deviations for 8'*Ccorr and baseline calculated
8'N for each species within each reservoir. Reservoirs: MG= McGregor Lake Reservoir, FM=
Forty-Mile Coulee Reservoir, SH= Sherburne Lake Reservoir, SM= St. Mary’s Reservoir,
TR=Travers Reservoir.
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Figure 4.3: Box plots of the spread and mean of average trophic position (TP) and 8'3C in each
treatment group, with accompanying pairwise comparisons (SYMP = reservoirs where F. virilis
and C. chinensis are together (sympatry); CONTROL = both species absent (control), St. Mary’s
Reservoir; NOCR = Only F. virilis present).
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Figure 4.4: Box and whisker plots showing the spread of 8!*Ccorr (D13Ccorrected) and Trophic
position of each focus recreational species (LKWH = Lake Whitefish; NRPK = Northern Pike;
WALL = Walleye) in all three treatment groups, with accompanying pairwise comparisons
(SYMP = reservoirs where F. virilis and C. chinensis are together (sympatry); CONTROL =
both species absent (control); NOCR = Only F. virilis present).
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Table 4.2: Bayesian estimates of Total Area (TA) (%0?), Distance to Centroid (CD) (%), carbon
range (CR) (%o) and nitrogen range (NR) (%o) calculated for each system.

Forty-Mile Reservoir
(F. virilis)
13N range
H3C range
TA
CD
NND
SDNND

Travers Lake Reservoir
(F. virilis)
a1 range
J3C range
TA
CD
NND
SDNND
Sherburne Reservoir

(F. virilis)

d43N range
J3C range
TA
CD
NND
SDNND

McGregor Reservoir

(C. chinensis and F. virilis)

43 range
J3C range
TA
CD
NND
SDNND

St. Mary's Reservoir
(Control)
13N range
H3C range
TA
CD
NND
SDNND

Mode Credible Intervals
99% 95% 50%
lower upper lower upper lower upper
4.4 34 5.5 3.7 52 4.1 47
1.5 0.7 2.5 0.8 2.2 1.2 1.7
2.9 1.2 5.6 1.6 4.6 2.4 34
1.3 1.2 1.6 1.2 1.5 1.3 14
0.6 0.3 0.8 0.4 0.8 0.5 0.6
0.4 0.2 0.6 0.2 0.6 0.3 04
4.3 24 6.1 2.9 5.7 3.9 47
2.7 1.0 4.6 14 4.0 2.2 31
35 14 6.8 1.9 5.8 3.0 43
1.2 0.9 1.5 1.0 1.4 1.1 1.3
0.6 03 0.9 0.4 0.9 0.6 0.7
0.6 0.1 1.3 0.2 1.1 0.5 0.8
3.7 29 4.7 3.1 4.4 35 4.0
1.3 0.6 2.2 0.8 2.0 1.1 1.5
1.8 0.7 34 1.0 3.0 L.5 2.2
1.2 1.0 1.5 1.0 1.4 1.1 13
0.5 0.3 0.7 0.3 0.7 0.4 0.6
0.2 0.0 0.5 0.1 0.5 0.2 03
33 23 4.5 2.6 4.2 3.1 36
2.5 14 3.7 1.7 34 2.2 28
3.0 1.1 6.0 1.7 4.9 2.5 35
1.0 0.8 1.3 0.8 1.2 1.0 1.1
0.5 0.2 0.7 0.3 0.7 0.4 0.5
0.4 0.1 0.6 0.1 0.5 0.2 04
3.0 1.6 5.7 2.0 4.4 2.7 34
2.1 0.8 4.5 1.1 34 1.8 24
2.4 04 8.1 0.7 5.3 1.9 30
1.0 0.6 1.5 0.7 1.3 0.9 1.1
0.7 0.3 1.2 04 1.0 0.6 0.7
0.4 -0.1 1.3 0.1 0.8 0.3 0.5
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Table 4.3: Calculated TA (Total Area) (%0°), SEA (Standard Ellipse Area) (%0%), and SEA.
(Standard Ellipse Area corrected for small sample sizes) (%o?) of F. virilis and C. chinensis in

each reservoir system.

Forty-M{le Sherburl.le Traverg McGregor Lake Reservoir
Reservoir Reservoir Reservoir
F. virilis F. virilis F. virilis F. virilis C. chinensis
TA 0.03 0.12 0.77 0.73 0.45
SEA 0.01 0.06 0.15 0.15 0.14
SEA 0.02 0.07 0.16 0.16 0.14
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Figure 4.5: Bayesian standard ellipse areas of Northern Crayfish (F. virilis) and Chinese
Mystery Snail (C. chinensis). Dashed lines represent the standard ellipse area and the solid lines
represent the standard ellipse area (SEA) corrected for small sample sizes (SEA.).
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Figure 4.6: SIBER Density plot of isotopic niche widths (SEAy%¢?) of sympatric F. virilis and
C. chinensis in McGregor Lake Reservoir and F. virilis in the reservoirs where they exist
allopatrically. The graduations denote 95, 75, 50% credibility intervals with Bayesian estimates.
Black dots represent the bootstrapped mean SEAy areas and the red crosses represent the small
sample size corrected standard ellipse area (SEA.). Reservoirs: MG= McGregor Lake Reservoir,
FM= Forty-Mile Coulee Reservoir, SH= Sherburne Lake Reservoir, SM= St. Mary’s Reservoir,
TR=Travers Reservoir. Species: NC = Northern Crayfish, F. virilis, CMS = Chinese Mystery
Snail, C. chinensis.
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Appendix

Table A4.1: Summary statistics of each species within each reservoir lake. Reservoirs: MG=
McGregor Lake Reservoir, FM= Forty-Mile Coulee Reservoir, SH= Sherburne Lake Reservoir,
SM= St. Mary’s Reservoir, TR=Travers Reservoir. Group: LKWH = Lake Whitefish,
NRPK=Northern Pike, WALL= Walleye, WHSC = White sucker, SPSH= Spottail Shiner, YEPE
= Yellow perch.

Reservolr Class Group Mean 6.0 St. Dv. §13C St. Er, 813C Mean 815N 5t Dv. G15N St Er. 815N
FM fish LEKWH -0.20 004 0.0 456 012 003
M fish MNRFK -0.05 003 0.01 515 012 0.03
Fid fish WALL -0 (i 0.01 534 ols 004
Frd fish WHSC -0.03 [iXip) 0.03 428 030 ol
FM fish YEPE -0.03 02 0.00 448 ol 002
Fu lioral macroplyte 058 042 0.1l nn 0.59 015
Fid littaral Morthem crayfish o7 0.4 ool 168 014 004
F littoral parasitic - imverts -0L02 A MA 1.49 MA NA
F littoral periphyton Loz 0 0.06 100 0% 0.30
F litoral Primary consumers 0.00 019 0.03 200 0Tl 0.0
MG fish BURE 007 006 0.02 314 o4 005
MG fish LEWH -0.50 015 0.04 3176 0l3 003
MG fish NRPK 002 01l 0.04 145 ol7 0.07
MG fish SPSH -0.44 013 0.04 104 020 0,06
MG fish WALL 018 025 0.07 405 015 004
MG litoral Chinese mystery snail 0.5 023 0.0%5 230 0 0.04
MG littoral macrophyie 0.97 089 0.26 1.21 035 0.0
MG littoral Morthemn crayfish 0.6 0.26 0.03 230 025 0,03
MG litoral periphyton L.78 067 0.zl 0.82 050 0.la
MG littoral predators - imverts -0.25 054 0.6 155 036 oo
MG littoral Primary consumers 0.00 024 0.04 2.00 24 004
SH fish LEWH -0.28 NA HNA 4.23 NA NA
SH fish NRPK -0.14 .06 0.01 460 ol7 0,04
EH fish SPSH -0.08 M MNA 395 NA NA
SH fish WALL -0.24 [iXip) 0.01 4.71 029 0.06
sH fish YEFE -0.23 015 0.04 3195 ol4 003
SH littoral macrophyie 049 027 0.07 165 059 0I5
SH littoral Morthem crayfish 007 008 0.0z 297 028 nog
sH littaral periphyton 087 0z 0.06 1.03 046 0z
SH litoral predators - imverts 007 0.14 0.03 281 LX) 017
SH littoral Primary consumers 0.00 015 0.0z 2.00 a2 008
M fish BURB -0.42 003 0.02 183 012 0.07
aM fish LEWH -0.70 013 0.04 143 030 008
A fish LNSC -0.14 012 0.04 191 L] (A1)
M fish MNRFK 022 M HNA 3184 WA NA
aM fish SPSH -0.10 018 0.03 2.9 ol7 003
aM fish WALL 017 013 0.03 kR4 ol7 0,04
M fish WHSC -0.02 MNA NA 344 NA NA
M littoral macrophyie .64 1.21 0.26 131 114 0.24
aM littoral parasitic - inverts -0L18 0.14 R LI] 375 1.4% L.06
aM litoral periphyton 1.26 046 013 105 078 0.26
aM littoral predators - imverts 0.6 004 0.03 11z 006 005
aM littoral Primary consumers 0.00 (.0 .06 2.00 2] 005
TR fish BURE 0.8 009 0.02 3125 LIEN] 0,09
TR fish LEWH -0.26 016 0.03 181 0.57 0.1
TR fish MNRFK INE) 014 0.04 181 LES] 0t
TR fish SPSH -0.08 005 0.02 134 ol7 0.07
TR fish WaALL 008 014 0.03 4.37 043 009
TR littoral macrophyte L.0% 078 0.23 221 Bs 0.9
TR littoral Morthem crayfish 0.27 016 0.0z 17 4] noa
TR littaral periphyton 215 014 0.7 014 olé (L
TR litoral predators - imverts -0.04 027 0.09 134 1.22 04l
TR littoral Primary consumers 0.00 0.2 0.07 200 L] 0.5
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Table A4.2: Summary table showing the number of individuals of fish, invasive species,
invertebrates, macrophyte and periphyton samples collected at each lake. BURB = Burbot,
LKWH = Lake Whitefish, LNSC = Longnose Sucker, NRPK = Northern Pike, WALL =
Walleye, WHSC = White sucker, YEPE = Yellow perch, SPSH = Spottail Shiner, CMS =
Chinese Mystery Snail, NOCR = Northern Crayfish.

FM MG SH sM TR Grand Total

Treatment F. virilis F. F”:H” & F.virilis Control F. virilis
C. chinensis

Consumers
BURB 8 3 20 31
LKWH 21 16 1 13 25 76
LNSC 8 8
NEPK 16 6 18 1 15 56
WALL 15 15 25 22 25 102
WHSC 7 1 8
YEPE 21 18 39
SPsSH 10 1 38 5 54
Introduced species
CMS 23 23
NOCR 14 59 12 42 127
Invertebrates (functional - feeding groups)
collectors - gatherers, shredders, predators 1 16 9 5 31
collectors - gatherers 11 2 7 17
collectors - gatherers, predators, filterers 5 2 e 1 4 16
filtering collectors 1 1
generally shredders - herbivores 2 2
native clams 25 4 29
nativesnail_baselinel 3 1 24 11 39
parasitic 1 2 3
piercers - herbivores, predators, or scrapers 2 9 5 16
predators 5 1 12
predators - engulfers 5 [ 3 14
predators - piercers 5 1 3 9
predators - scavengers 1 1 2 4
chironomid baseline2 3 15 9 7 2 36
Macrophytes and periphyton
macrophyte 15 12 15 11 12 65
periphyton 13 10 14 9 4 50

Grand Total 171 209 184 129 175 868
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Table A4.3: The relative contribution of putative resources to the diet of Lake Whitefish (LKWH),
Northern Pike (NRPK), and Walleye (WALL).

McGregor Lake Resei

Epsilon.1 3.249 1.735 0.847 1.076 2.926 6.529

Epsilon.2 0.429 0.144 0.227 0.251 . 0.404 0.505 0.697
BURB.Chinese mystery snail 0.056 0.056 0.001 0.003 0.016 0.039 0.079 0.168

BURB. 0.076 0.078 0.002 0.004 0.019 0.049 0.106 0.244
BURB.Northern crayfish 0.055 0.054 0.002 0.003 0.016 0.038 0.076 0.161

BURB.peri 0.044 0.046 0.001 0.002 0.011 0.028 0.062 0.141
BURB.primary 0.456 0.159 0.083 0.138 0.361 0.484 0.575 0.67

BURB.SPSH 0.313 0.08 0.187 0.201 0.257 0.302 0.361 0.465
LKWH.Chinese mystery snail 0.014 0.018 0 0 0.003 0.008 0.018 0.05

LKWH. 0.022 0.03 0 0.001 0.004 0.01 0.027 0.09
LKWH.Northern crayfish 0.014 0.017 0 0 0.003 0.008 0.019 0.048
LKWH.periphyton 0.007 0.008 0 0 0.002 0.005 0.01 0.025
LKWH.primary 0.105 0.065 0.008 0.013 0.051 0.098 0.15 0.222

LKWH.SPSH 0.837 0.062 0.712 0.731 0.794 0.838 0.883 0.937
NRPK.Chinese mystery snail 0.06 0.081 0 0.001 0.009 0.029 0.077 0.231

NRPK. 0.042 0.044 0.001 0.002 0.01 0.027 0.059 0.132
NRPK.Northern crayfish 0.057 0.075 0.001 0.001 0.009 0.028 0.074 0.209

NRPK.peri 0.029 0.033 0 0.001 0.006 0.017 0.041 0.097
NRPK.primary 0.32 0.135 0.037 0.077 0.228 0.329 0.42 0.522

NRPK.SPSH 0.493 0.09 0.32 0.356 0.433 0.487 0.551 0.645
'WALL.Chinese mystery snail 0.013 0.016 0 0 0.002 0.007 0.017 0.045

'WALL 0.009 0.009 0 0 0.002 0.006 0.013 0.029
'WALL.Northern crayfish 0.012 0.016 0 0 0.002 0.006 0.016 0.045

WALL i 0.006 0.007 0 0 0.002 0.004 0.008 0.02
'WALL.primary 0.036 0.024 0.004 0.006 0.018 0.031 0.049 0.084

WALL.SPSH 0.924 0.035 0.843 0.86 0.902 0.929 0.95 0.972

St. Mary's Reservoir 97.50%
Epsilon.1 0.115 0.064 0.034 0.041 0.069 0.101 0.144 0.23 0.271
Epsilon.2 0.196 0.079 0.078 0.091 0.139 0.186 0.237 0.34 0.388
BURB. 0.52 0.105 0.331 0.357 0.442 0.513 0.59 0.702 0.735
BURB.peri 0.016 0.018 0 0.001 0.004 0.01 0.021 0.053 0.066
BURB.primary 0.05 0.049 0.001 0.002 0.014 0.034 0.07 0.153 0.182
BURB.SPSH 0.414 0.111 0.188 0.226 0.339 0.419 0.494 0.589 0.616
LKWH. 0.81 0.103 0.59 0.624 0.741 0.821 0.891 0.958 0.971
LKWH.periphyton 0.014 0.021 0 0 0.002 0.006 0.018 0.058 0.077
LKWH.primary 0.056 0.07 0 0.001 0.006 0.024 0.083 0.208 0.244
LKWH.SPSH 0.12 0.08 0.015 0.02 0.058 0.104 0.168 0.273 0.317
NRPK. 0.409 0.167 0.173 0.192 0.286 0.377 0.496 0.751 0.822
NRPK.peri 0.017 0.026 0 0 0.002 0.007 0.02 0.068 0.091
NRPK.primary 0.05 0.065 0.001 0.001 0.008 0.025 0.066 0.185 0.243
NRPK.SPSH 0.524 0.183 0.096 0.159 0.412 0.559 0.659 0.772 0.802
WALL 0.312 0.057 0.206 0.22 0.272 0.311 0.35 0.407 0.427
WALL i 0.007 0.009 0 0 0.002 0.004 0.01 0.025 0.032
'WALL.pri; 0.018 0.019 0 0.001 0.005 0.012 0.025 0.056 0.071
WALL.SPSH 0.663 0.06 0.541 0.562 0.624 0.665 0.703 0.757 0.776
Travers Lake Reservoir 2! 7! 9! 97.50%
Epsilon.1 2.031 0.984 0.624 0.711 1.261 1.908 2.615 3.875 4.36
Epsilon.2 2.211 0.56 1.284 1.414 1.825 2.147 2.532 3.23 3.514
BURB. 0.019 0.021 0 0.001 0.005 0.012 0.027 0.061 0.074
BURB.Northern crayfish 0.238 0.135 0.006 0.017 0.127 0.249 0.346 0.444 0.469
BURB.peri 0.035 0.031 0.001 0.001 0.008 0.025 0.056 0.095 0.103
BURB.primary 0.41 0.088 0.245 0.273 0.347 0.409 0.472 0.556 0.58
BURB.SPSH 0.298 0.077 0.158 0.176 0.243 0.296 0.35 0.43 0.46
LKWH.macrophyte 0.004 0.005 0 0 0.001 0.002 0.006 0.015 0.019
LKWH.Northern crayfish 0.025 0.021 0.001 0.002 0.009 0.02 0.034 0.064 0.079
LKWH.periphyton 0.004 0.003 0 0 0.001 0.003 0.005 0.011 0.013
LKWH.primary 0.718 0.129 0.496 0.518 0.62 0.706 0.818 0.94 0.958
LKWH.SPSH 0.249 0.128 0.02 0.034 0.148 0.258 0.346 0.449 0.476
NRPK. 0.017 0.022 0 0 0.003 0.008 0.023 0.064 0.083
NRPK.Northern crayfish 0.154 0.099 0.004 0.01 0.069 0.149 0.226 0.321 0.354
NRPK.peri 0.021 0.019 0 0.001 0.005 0.015 0.033 0.06 0.068
NRPK.primary 0.306 0.093 0.133 0.158 0.244 0.302 0.366 0.461 0.493
NRPK.SPSH 0.502 0.097 0.311 0.341 0.441 0.505 0.567 0.654 0.68
WALL 0.006 0.009 0 0 0.001 0.003 0.008 0.022 0.029
'WALL.Northern crayfish 0.036 0.028 0.001 0.003 0.014 0.029 0.051 0.091 0.106
WALL 0.006 0.006 0 0 0.002 0.004 0.008 0.018 0.021
'WALL.pri; 0.106 0.063 0.016 0.022 0.058 0.096 0.141 0.221 0.25
WALL.SPSH 0.846 0.067 0.698 0.726 0.805 0.853 0.897 0.943 0.954
Sherburne Reservoir 97.50%
Epsilon.1 0.387 0.159 0.156 0.18 0.273 0.36 0.47 0.682 0.76
Epsilon.2 0.883 0.221 0.545 0.581 0.719 0.852 1.006 1.277 1.397
LKWH. 0.03 0.03 0.001 0.001 0.009 0.021 0.042 0.09 0.109
LKWH.Northern crayfish 0.102 0.077 0.007 0.012 0.044 0.083 0.139 0.253 0.299
LKWH.perij 0.019 0.019 0.001 0.001 0.006 0.013 0.027 0.058 0.071
LKWH.primary consumers 0.075 0.06 0.003 0.006 0.028 0.061 0.106 0.199 0.224
LKWH.YEPE 0.774 0.078 0.604 0.636 0.724 0.781 0.83 0.886 0.905
NRPK. 0.029 0.03 0 0.001 0.006 0.018 0.044 0.093 0.103
NRPK.Northern crayfish 0.148 0.103 0.004 0.008 0.059 0.139 0.224 0.325 0.352
NRPK. 0.018 0.02 0 0.001 0.003 0.011 0.027 0.062 0.074
NRPK.primary 0.052 0.043 0.002 0.003 0.018 0.042 0.076 0.138 0.156
NRPK.YEPE 0.752 0.068 0.614 0.635 0.705 0.755 0.805 0.855 0.868
WALL 0.01 0.011 0 0 0.002 0.006 0.013 0.032 0.04
'WALL.Northern crayfish 0.035 0.033 0.001 0.002 0.01 0.025 0.05 0.107 0.124
'WALL i) 0.006 0.007 0 0 0.001 0.004 0.008 0.02 0.025
'WALL.primary 0.033 0.028 0.001 0.001 0.01 0.026 0.051 0.088 0.099
WALL.YEPE 0.916 0.035 0.84 0.854 0.895 0.919 0.942 0.969 0.976

Forty-Mile Reservoir

Epsilon.1 13.465 3.095 7.932 8.603 11.144 13.32 15.836 18.76 19.329
Epsilon.2 0.221 0.05 0.143 0.152 0.185 0.215 0.25 0.314 0.334
LKWH. 0.011 0.019 0 0 0.002 0.006 0.013 0.035 0.048
LKWH.Northern crayfish 0.055 0.052 0.001 0.003 0.017 0.04 0.078 0.163 0.195
LKWH.periphyton 0.005 0.006 0 0 0.001 0.003 0.007 0.018 0.022
LKWH.primary consumers 0.337 0.032 0.276 0.289 0.321 0.339 0.357 0.383 0.39

LKWH.YEPE 0.591 0.042 0.487 0.509 0.57 0.599 0.621 0.645 0.652
NRPK. 0.005 0.007 0 0 0.001 0.002 0.006 0.018 0.025
NRPK.Northern crayfish 0.031 0.038 0 0.001 0.006 0.017 0.043 0.11 0.141
NRPK.peri 0.003 0.004 0 0 0 0.001 0.003 0.01 0.013
NRPK.primary 0.115 0.021 0.071 0.079 0.103 0.117 0.13 0.146 0.152
NRPK.YEPE 0.846 0.031 0.764 0.789 0.832 0.852 0.866 0.885 0.892
‘WALL 0.003 0.005 0 0 0 0.001 0.004 0.012 0.017
'WALL.Northern crayfish 0.017 0.021 0 0.001 0.003 0.009 0.023 0.063 0.08

WALL 0.002 0.003 0 0 0 0.001 0.002 0.007 0.009
'WALL.pri; 0.046 0.016 0.016 0.019 0.035 0.046 0.057 0.074 0.079
‘WALL.YEPE 0.932 0.023 0.878 0.891 0.919 0.934 0.947 0.963 0.969
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Chapter 5

General Conclusions

Once invasive species are established, they can have complex impacts on the ecosystems and
regions and can often have impacts on local economies (Rennie et al. 2009). This thesis aimed to
describe the implications involved with the novel introduction of Chinese Mystery Snail,
Cipangopaludina chinensis, in Alberta, Canada and their interactions with Northern Crayfish, F.
virilis, another invasive species sharing the same waterbody. As invasive species continue to
radiate from points of introduction, it is critical to understand how these species will impact their
new ecosystems. Without this imperative knowledge it is very difficult for managers and
conservationists to effectively manage these species, if mitigating the introduction fails.
Research provides insight to management methods and can help justifying allocating a certain
amount of funds towards a project.

My hopes are that my findings will help advise management programs related to both C.
chinensis an F. virilis in Alberta lakes and reservoir systems, and provide important information
regarding the trophic interactions and outcomes to native recreational fish species in Alberta’s
lakes. In Chapter 2, I synthesized information in comprehensive literature review on C. chinensis
to determine what makes them particularly prone to establish waterbodies where they are
introduced and what could make this species volatile or impactful to aquatic ecosystems. Then,
with the contributions of other experts in the field, growth-rate analysis, DNA barcoding, and
investigation into whether the C. chinensis individuals carry parasitic cercariae was conducted

(Chapter 3). In Chapter 4, I used stable isotope analysis and gut-content analysis to investigate
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the different community and group effects that both C. chinensis and F. virilis might have on
native fish species.

Throughout Chapter 3, we documented the initial finding of C. chinensis in Alberta and
biological information that will aid management efforts. We confirmed specimens as C.
chinensis (Gray, 1834) through DNA barcoding and added the barcode to GenBank. We also
conducted analysis of growth rate, fecundity, and assessed whether Albertan C. chinensis species
are infected by digenean trematodes. We discovered, after a 24-hour experimental period, that C.
chinensis specimens that are currently in Alberta are not infected by digenean trematodes, as no
cercariae were present. We also determined that shell growth quickly outpaces growth in shell
width, and that upon emergence C. chinensis are larger than many of the native snail species.
Annual fecundity of Alberta C. chinensis produce offspring at lower average juveniles per
female (19.3 juveniles) compared to average annual fecundity of populations elsewhere (25-30
juveniles per female), however even one gravid female is sufficient to found a population
(Stephen et al. 2013).. We provided recommendations to where searches for C. chinensis should
be focused, notably near artificial substrates, riprap, and submerged vegetation, where there is
stagnant water (Solomon et al. 2010; Chaine 2012). We suggested that C. chinensis met the
criteria for four of the five stages of species invasion: arrival, establishment, growth and
reproduction, however there was no evidence for the fifth stage, dispersal (Lockwood et al.
2007), of C. chinensis from McGregor Lake Reservoir other waterbodies

In Chapter 4, I addressed the trophic consequences that may arise with the addition of F.
virilis and C. chinensis to aquatic ecosystems in southern Alberta, and their impacts to three
recreational fish species: Lake Whitefish (Coregonus clupeaformis), Northern Pike (Esox
lucius), and Walleye (Sander vitreus). Specifically, my main objectives of this study were to 1)

determine the difference in trophic characteristics between reservoir communities where invasive
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species are sympatric, where only invasive crayfish are present, and where there are no invasive
species present, and; 2) describe the trophic interaction between C. chinensis and F. virilis in
aquatic food webs. I hypothesized that the presence of only one aquatic invader would create
bottom-up effects on the food-web, and an additional invasive species would amplify these
effects, creating shifts in fish trophic positions by moving basal energy away from the higher
trophic levels through consumption of algae and macrophytes, or by providing a new prey
resource (Twardochleb and Olden 2016; Kingsbury et al. 2021). I also hypothesized that C.
chinensis and F. virilis would have overlapping niches, either through competition for resources
or through the predation of C. chinensis by F. virilis (Johnson et al. 2009). I used stable isotope
analysis and gut-content analysis, jointly, to help determine answers and address these
objectives. I established that fish are becoming more piscivorous compared to reference lakes
where there are no invasive species. Especially Lake Whitefish which is switching from
macrophytes to a diet comprised mainly of secondary consumers, such as Spottail Shiner, a
behaviour that happens when they are searching for nutrients or are experiencing poor body
condition (Brownscombe and Fox 2013). That said, there may be an “adaptive lag” period prior
to fish preying on either of the invasives outlined in this study (Carlsson et al. 2009). Reservoir
ecosystems where only F. virilis was present has narrower carbon ranges than those that had
both invasive species, which may mean that locations with both invasive species have more
niche diversification than those with just one invasive species, F. virilis. Changes in average fish
trophic position were significantly higher with the addition of only F. virilis into a waterbody,
but with the addition of C. chinensis resembled more the reservoir without invasive species
present. This could be happening as a result of the fish diet switching and diversifying their diets
for nutrients, they require but cannot acquire from macrophytes that are lacking from their diets

(Pothoven and Nalepa 2006). Macrophytes may be lacking due, simply, to the presence of either
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C. chinensis and F. virilis, both species known to decimate macrophytes in invaded waterbodies
(Carpenter and Lodge 1986; Lewis et al. 2001; Cross and Benke 2002; Johnson et al. 2009; Sura
and Mahon 2011; Kingsbury et al. 2021). I also discovered that the trophic niche ellipses of C.
chinensis and F. virilis significantly overlap, which points to competitive exclusion (Meszéna et
al. 2006). Since the total area of F. virilis is larger than that of C. chinensis, crayfish may
eventually outcompete C. chinensis.

My research addressed my overall goal to investigate the novel introduction of C.
chinensis and the potential impacts of C. chinensis and F. virilis on native recreational fish
species in reservoir ecosystems in southern Alberta. The findings gained throughout these studies
are useful for the management of C. chinensis and F. virilis in southern Alberta and will

hopefully provide a catalyst for other researchers and resource managers.
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