Impact of an Invasive Crayfish (Faxionus limosus) Introduction on a Freshwater

Mussel Population in Cape Breton Highlands National Park.

Cassidy Best

Supervisor: Dr. Ken Oakes

Cape Breton University - BIOL4900



il

Abstract

Freshwater ecosystems are often disproportionately impacted by invasive species due to
increased connectivity and exploitation by humans. Biological invasions negatively influence
ecosystems, but also threaten species which may provision ecosystem services. Freshwater
mussels (order Unionida) are pivotal components of aquatic ecosystems, linking trophic levels
and moderating water quality through filtration. However, freshwater mussels are globally
imperiled, with many populations facing extirpation. Within Cape Breton Highlands National
Park (CBHNP), invasive spinycheek crayfish have become established in Freshwater Lake, a
historically biodiverse lake with a population of Pyganodon mussels. Crayfish—often aggressive
invaders—negatively influence health and functionality of freshwater ecosystems as they
infiltrate various trophic levels of aquatic food webs. This project’s goal was to assess
spinycheek crayfish influence on Freshwater Lake’s ecosystem using Pyganodon as a case
study. Over time, living Pyganodon have become harder to detect within Freshwater Lake.
During 2008 surveys, 79% of mussels detected were living, compared to only 41% in 2021 (p <
0.001). 2024 midden surveys showed that Pyganodon in Freshwater Lake were generally
smaller than those in a healthy (i.e., lacking invasive crayfish) freshwater ecosystem, at 7.55 cm
versus 8.24 cm (p < 0.001). Smaller Pyganodon may be preferentially targeted by crayfish in
Freshwater Lake, which is supported by a lack of evidence of recruitment within the living
Pyganodon population, but multiple individuals < 5 years of age within middens. Pyganodon
recruitment within Freshwater Lake may also be limited by an apparent decrease in fish-host
availability, with finfish CPUE decreasing from 54.94 in 2008 to 13.54 in 2018. Environmental
parameters such as temperature showed high variability since the spinycheek crayfish
introduction, potentially influencing their behaviours and abundance. Further research should
ascertain potential impacts of spinycheek crayfish on Freshwater Lake and its Pyganodon
population under potential management regimes, including lack thereof.
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Introduction

Freshwater mussels (order Unionida) are pivotal components of aquatic ecosystems,
occupying a role of substantial importance at both local and global scales (Holt and Miller, 2011;
Waykar and Deshmukh, 2012; Lundquist et al., 2018). Freshwater mussels are integral
components of aquatic ecosystems and are widely recognized as keystone species—not only
for their importance within aquatic food webs, but also for their status as ecosystem service
providers and ecosystem engineers (Gutiérrez et al., 2003; Gutiérrez and Jones, 2008; Holt and
Miller, 2011). Freshwater mussels are often used as focal taxa within research as they are
excellent indicators of environmental change over varying temporal scales.

Unionid bivalves possess a unique set of attributes which contribute to their status as
highly effective indicator taxa, including easily quantifiable responses to environmental shifts,
ubiquitous distributions, relatively stable populations, and a well-documented ecology that has
undergone extensive study (Holt and Miller, 2011; Waykar and Deshmukh, 2012; Lundquist et
al., 2018). The order Unionida consists of a large and diverse group of freshwater mussel
species with a widespread global distribution. However, these species face various challenges
to their survival, a circumstance that has led to Unionida being classified as one of the most
imperiled fauna globally (Williams et al., 1993; Neves, 2004; Peacock, 2012; Strayer and
Malcolm, 2012). Freshwater mussels link multiple trophic levels within ecosystems and make
important contributions towards the regular functioning and maintenance of healthy aquatic
environments by stabilizing and improving their local habitats (physical structure) and providing
a means to moderate sediment and water quality parameters within the water column through
filtration (Gutiérrez et al., 2003; Gutiérrez and Jones, 2008; Holt and Miller, 2011; Waykar and
Deshmukh, 2012; Lundquist et al., 2018).

Globally, populations of freshwater mussels are experiencing significant declines, with

numerous areas facing near or full extirpation (Williams et al., 1993; Strayer and Malcolm, 2012;



Meira et al., 2019). The mechanisms underlying these declines may be attributed to a variety of
factors, including the cascading impacts of global climate change, anthropogenic disturbances,
and an influx of invasive species—including those both human-mediated and associated with
range expansion. It is widely acknowledged that the health of Unionida is threatened by a
number of potential stressors, contributing to negative impacts on the overall survivability of
freshwater mussels within aquatic ecosystems (Williams et al., 1993; Strayer and Malcolm,
2012; Meira et al., 2019).

The introduction of invasive species represents one of the more drastic and potentially
irreversible threats to ecosystem health (Gallardo et al., 2016; Linzmaiser et al., 2018; Meira et
al., 2019). Anthropogenically-mediated species introductions may occur accidentally or
intentionally, but the threat posed by these introductions remains much the same. Regardless of
their pathways, invasive species pose a massive threat to biodiversity in both terrestrial and
aquatic ecosystems, with effects often cascading throughout the food web (Gherardi, 2007;
Gallardo et al., 2016, Meira et al., 2019). These impacts are especially detrimental in aquatic
ecosystems, due to the increased connectivity inherent within these environments and the often
limited barriers to invasive species dispersal throughout watersheds.

Within Cape Breton Island, freshwater mussels are threatened by a number of invasive
species (Penney, 2023; White, 2023 in prep). Most notably, a piscivorous predatory fish known
as chain pickerel (Esox niger) is present within various watersheds in the Cape Breton Regional
Municipality (CBRM) and has essentially extirpated certain Unionida fish hosts from local lakes.
In addition to the detection of this invasive fish species within the CBRM, an invasive crayfish
species—the spinycheek crayfish (Faxionus limosus)—has been identified in freshwater mussel
habitats within Cape Breton Highlands National Park and is proving to be extremely problematic
(Lambert et al., 2007). Spinycheek crayfish were first detected in Cape Breton Highlands
National Park in 2005 and were the first freshwater crayfish species documented in Nova

Scotia. This introduction has brought about severe and potentially permanent damage to a



Pyganodon population in Freshwater Lake through both direct (predation) and indirect (habitat
degradation) means (Lambert et al., 2007; Linzmaier et al., 2018).

Freshwater crayfish are a group of species belonging to the infraorder Astacidea and are
further divided into two superfamilies: Astacoidea (family Astacidae and Cambaridae), typical of
the northern hemisphere, and the Parastacoidea (family Parastacidae), typical of the southern
hemisphere (Crandall and Buhay, 2008; Lodge et al., 2012). Often characterized by their rich
biodiversity, freshwater crayfish constitute a group of over 600 documented species worldwide,
occurring in a number of ecosystems on each continent, with the exception of Antarctica and
continental Africa (Lodge et al., 2012).

Although freshwater crayfish exhibit a historically extensive native range, much of their
modern distribution can be attributed to anthropogenically mediated introductions (Gherardi,
2007; Lodge et al., 2012; Meria et al., 2019). While some of these introductions have been
accidental (e.g., ballast water, escapes from holding facilities), freshwater crayfish are most
often introduced into watersheds deliberately; through aquaculture, stocking, live bait, aquarium
pets and even in efforts to control weeds, algae, or other animals deemed as “pests” (e.g.,
snails, other crustaceans, and zebra mussels) (Perry et al., 2000; Lodge et al., 2012; Linzmaier
et al., 2018).

Following introduction, crayfish species can prove to be extremely invasive. Freshwater
crayfish often integrate directly into the aquatic food web at multiple trophic levels, providing
sustenance to a range of taxa, while preying upon vegetation, fish eggs, and various other
organisms including crustaceans, gastropods, and bivalves such as freshwater mussels (Lodge
et al., 2012; Linzmaier et al., 2018; 2020). However, in the absence of food sources or in the
event of an extremely high population densities, crayfish persist by relying on energy reserves
and the consumption of detritus or macrophytes.

While there is no definitive evidence to support the theory that the introduction of

spinycheek crayfish within Cape Breton Highlands National Park was deliberate, Freshwater



Lake is 500 km away from the closest established population of this same species in New
Brunswick (McAlpine et al., 1991; Lambert et al., 2007). This suggests that the introduction of
spinycheek crayfish in Freshwater Lake did not occur through natural pathways and instead
occurred through anthropogenic means.

Regardless of the vector of introduction, the impacts of the spinycheek crayfish invasion
on Freshwater Lake appear to be severe (Lambert et al., 2007). Like most other freshwater
crayfish, omnivorous spinycheek crayfish have the potential to negatively influence diversity of
aquatic vegetation, fish species, and freshwater mussels within the Freshwater Lake ecosystem
(Lambert et al., 2007; Lodge et al., 2012; Linzmaier et al., 2018; 2020). They may also
negatively influence water quality by causing cascading impacts within the ecosystem. A
previous study by Linzmaier et al. (2020) suggests spinycheek crayfish may display selective
predation towards mollusks. Additionally, under the right conditions, freshwater crayfish
demonstrate an ability to learn how to prey on bivalves, including freshwater mussels. This
behaviour includes excavating juveniles from within the sediment resulting in either their
consumption or transportation to less favorable sites, which in turn exposes mussels to external
influences and increased risk of mortality (Meira et al., 2019; Dobler and Geist, 2022).

The objective of this thesis is to investigate the potential impacts of a spinycheek
crayfish (Faxionus limosus) invasion on freshwater mussel (Pyganodon) populations within
Freshwater Lake in the Cape Breton Highlands National Park. | hypothesize that the
introduction and ongoing pressures of spinycheek crayfish within the lake will correlate with a

decrease in freshwater mussel presence and evidence of reduced mussel recruitment.



Methods

Study Species

Spinycheek Crayfish (Faxionus limosus)
Spinycheek crayfish (Faxionus limosus) are a species of freshwater crayfish belonging

to the superfamily Astacoidea—the northern hemisphere crayfishes—and family Cambaridae,
the largest of the four freshwater crayfish genera. The genus Faxionus encompasses roughly 90
different species, including the spinycheek. The spinycheek crayfish has a native range along
the eastern coast of North America, found in water bodies from Quebec, south to Virginia (Dube
& Deroches, 2007; Benejam et al., 2011). However, the spinycheek crayfish has become
extremely invasive in areas outside their native range. Through sexual reproduction, spinycheek
crayfish have the ability to produce an average of ~400 pleopodal eggs (Stucki, 2002; Kozak et
al., 2006). Additionally, spinycheek crayfish are capable of facultative parthenogenesis,
although only observed in laboratory conditions (Bufi€ et al., 2011, 2013; Francesconi et al.,
2021). Red-brown in colour, adult spinycheek crayfish are characterized by prominent spines on

the sides of their carapace, near the eyes.

Floater Mussels (Pyganodon)
The genus Pyganodon encompasses a group of freshwater mussels belonging to the

family Unionidae (Clark, 1981; Cyr et al., 2007; Davis, 2007). Pyganodon are commonly known
as floaters, namely due to their excellent mobility along the various substrates they inhabit
through the use of their muscular foot. The genus is widely distributed across North America,
but there is some disagreement on the classification of the species found within Eastern
Canada (Hanlon & Smith, 1999; Cyr et al., 2007). Historically, Pyganodon within Freshwater
Lake were referred to as Pyganodon cataracta, the Eastern floater. However, due to extreme
similarities of morphological features to the Newfoundland floater (P. fragilis), the exact species

present within Freshwater Lake cannot be definitively identified without the application of



genetic analysis (Cyr et al., 2007; Davis, 2007; Standon, 2008; Standon et al., 2012). Species
within the Pyganodon genus are described as generalists, relying on a wide range of different
fish as host species (Standon, 2008; Cyr et al., 2012). Within Freshwater Lake, the threespine
stickleback (Gasterosteus aculeatus) has been identified as the only Pyganodon fish host

present.

Threespine Stickleback (Gasterosteus aculeatus)
The threespine stickleback (Gasterosteus aculeatus) is a small meso-predator species

of fish known to be widespread in the boreal and temperate regions of the Northern
Hemisphere, inhabiting both brackish and freshwater ecosystems (Bell & Foster, 1994; Solar et
al., 2018; Haines, 2023). Considered to be especially susceptible to Unionidae glochidia
infestations due to it's benthic feeding behaviours, threespine stickleback is one of the most
common host species for Unionids—often considered to be a “universal host” (Solar et al.,

2018).

Study Site

Freshwater Lake
Freshwater Lake is a large lake located within the Cape Breton Highlands National Park

of Canada, in Nova Scotia (46°38'40" N 60°23'45” W) (Figure 1). The lake is situated 3 m above
sea level, with a total surface area of around 42.2 hectares, a maximum depth of roughly 16 m,
and is considered oligo-mesotrophic (Kerekes et al., 1978; Lambert et al., 2007; Ginn et al.,
2017). On average, the lake displays a circumneutral pH and water temperatures often
exceeding 21°C in the summer months.

Historically, Freshwater Lake was considered to be very biodiverse, with 10 species of

fish, a healthy population of Pyganodon mussels and various gastropod species—including one



of only two sites for endangered Valvata sincera in Nova Scotia, believed now to be extirpated
(Davis & Wilson, 1979; Lambert et al., 2007; Bridgland, 2021). Since 2008, finfish monitoring
identified 10 species within Freshwater Lake: alewife (Alosa pseudoharengus), American eel
(Anguilla rostrata), white perch (Morone americana), brook trout (Salvelinus fontinalis), banded
killifish (Fundulus diaphanus), threespine stickleback (Gasterosteus aculeatus), four-spine
stickleback (Apeltes quadracus), and nine-spine stickleback (Pungitius pungitius) (Parks
Canada, 2018; Bridgland, 2021). Freshwater mussel monitoring in 2008, 2011, and 2021
identified presence of a Pyganodon population persisting within the lake, despite presumed
pressure from spinycheek crayfish (Faxinus limosus) introduced in the early 2000s (Lambert et

al., 2007; Bridgland, 2021).
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Figure 1. Study site: Freshwater Lake, Cape Breton Highlands National Park, N.S., Canada

46°38'40" N 60°23’45” W. (Imagery: 2023 Google)



The majority of data used within this thesis was collected by Parks Canada staff within
Cape Breton Highlands National Park (CBHNP) as part of numerous ecological monitoring
projects spanning over more than a decade. The standardized nature of field and data collection
methodologies employed by Parks Canada allows for the inclusion of relevant variables within
new projects, but also comprehensive comparisons between a number of long-standing projects
across multiple study sites. Additionally, the data resulting from these projects—both recent and
historic—can be used to assess the effects of the spiny-cheek crayfish invasion on both
freshwater mussel population health and water parameters, with the potential for further
expansion of analysis to lakes outside of CBHNP’s boundaries. My analysis will examine data
from four distinct ecological monitoring projects carried out by Parks and their associated
datasets. Specifically, data will be sourced from the following projects: Freshwater Mussel
Monitoring (Parks Canada, 2008; 2013; 2021), Spiny-cheek Crayfish Removal and
Assessment(s) (Parks Canada, 2022), Fin Fish Occurrence and Diversity (Parks Canada,

2018), and Thermal Profiling of Freshwater Lake (Parks Canada, 2023).

Freshwater Mussel Monitoring

Previous inventories compiled by Davis and Wilson (1979) focused on six lakes within
CBHNP. From these six lakes, only two had presence of freshwater mussels: freshwater pearl
mussel (Margaritifera margaritifera) and Eastern elliptio (Elliptio complanata) in Warren Lake,
and Pyganodon species identified as Eastern floater (Pyganodon cararacta) in Freshwater
Lake. In 2002, ten lakes within the Park were surveyed for presence of freshwater mussels
between July and August. Once again, mussels were found in only two water bodies: E.
complanata in Warren Lake, and Pyganodon in Freshwater Lake. M. margatritifera was not
identified within Warren Lake despite its presence in 1979. Surveys consisted of data collection

on mussel counts and shell lengths along with limited habitat and water characteristics.



Between 2008 and 2012, a freshwater mussel monitoring project was developed and
implemented in four water bodies within the Park. Monitoring consisted of snorkel, quadrat, and
midden surveys collecting data on mussel density, age, and size. Through these surveys, four
populations of mussels were identified: a new population of Pyganodon in Presqu’ile Pond,
rediscovery of M. margaritifera in Warren Brook, E. complanata in Warren Lake, and
Pyganodon in Freshwater Lake. Following the conclusion of monitoring efforts in 2012, the
status of freshwater mussels within the Park was largely unknown. In early 2021, there were
speculations that Pyganodon were eradicated from Freshwater Lake.

After the identification of a viable Pyganodon population, a new freshwater mussel
project was designed and implemented based on past Park protocols and relevant
methodologies from research at Cape Breton University. Freshwater mussel monitoring began
within the summer of 2021, with field efforts and data collection throughout July and August.
Freshwater Lake was divided into 39 separate 50 m transects around the perimeter of the lake,
with the exception of areas of great depth or unsuitable substrate (Figure 2). Quadrat surveys at
10 m intervals within each transect occurred at various depths (0.6 m, 0.8 m and 1.0 m), chosen
through random selection. During the quadrat search, any mussels located within the quadrat
(including dead shells), were counted, identified, measured lengthwise, and aged. Any
additional information, such as the presence of shell fragments, was recorded. Likewise, habitat
conditions within each quadrat were collected, quantified by the type of substrate found within
(mud, silt, sand, gravel, cobble, boulder, or organic) as well as the total percent coverage by
vegetation. While this specific survey placed a greater emphasis on the health of freshwater
mussel populations, it can be compared to quadrat surveys conducted between 2008-2012
through live and dead mussel counts, as well as the recorded valve size and age of surveyed

freshwater mussels.
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Figure 2. Map of freshwater mussel transects around Freshwater Lake in CBHNP during 2021
freshwater mussel monitoring project. Transects were 50 m in length (Imagery: Parks Canada,

2021).

Spiny-cheek Crayfish Removal and Assessment

Following the discovery of spiny-cheek crayfish within Freshwater Lake in 2005 and a
period of test-trapping in 2006, CBHNP designed a project with the goal of eradicating this
species from the lake through continued trapping. Active removal efforts began in the summer
of 2007 and continued annually until 2018. Minnow traps were used during removal efforts,
baited with either cat food or sardines in early years, with a switch to Atlantic mackerel
(Scomber scumbrus) and rainbow smelt (Osmerus mordax) in later years of the project (Figure
3). Crayfish traps were checked and reset every few days throughout the summer, with slight

variation among years as well as exceptions due to weather or staff shortages.
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From 2007-2018, the crayfish removal project grew and persisted, with continued data
collection on trap depth and by-catch as well as the number, sex, weight, and carapace length
(caliper measurements) of any crayfish collected within the traps. Crayfish were sexed through
visual examination, distinguished by presence of fully developed gonopods on male crayfish
versus absent or reduced gonopods along with a round seminal opening on female crayfish
(Figure 4). The presence of partial crayfish within the traps was also recorded post-2018 to
account for potential conspecific or heterospecific predation.

After continued efforts over twelve years, removal ceased in 2019. In 2020, the project
was instead condensed into a ten-day test trapping period to assess the state of the spiny-
cheek crayfish invasion after a season of no intervention. During this survey, specimens were
still removed and destroyed when present within minnow traps. The project once again paused
in 2021, with another period of test trapping totalling five days and occurring within the second
week of August. During this period, efforts were solely focused on the assessment of spiny-
cheek crayfish populations rather than removal. As such, after the appropriate data was
collected (sex, length, weight), specimens were marked and re-released into Freshwater Lake
(Figure 5). This decision was made according to the reduced trapping efforts between 2018-
2022. From the data collected between 2007-2018, 2020, and 2022, catch per unit effort
(CPUE) can be assessed based on the entire lake or individually from each of the six sites

(Figure 6). Likewise, comparisons can be made between crayfish carapace size yearly.
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Figure 3. Cylindric two-piece minnow trap. This design was used for the entirety (2007-2018,
2020, 2022) of the crayfish (Faxionus limosus) removal project conducted by Parks Canada in

Freshwater Lake (Photo: South Carolina Department of Natural Resources).

Figure 4. Ventral view of two individual spinycheek crayfish (Faxionus limosus) collected during
the 2022 crayfish removal project in Freshwater Lake, CBHNP. Developed gonopods indicating
a male crayfish (A), and absence of gonopods with presence of seminal opening indicating a

female crayfish (B) (Photo: C.Best)
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Figure 5. Spinycheek crayfish (Faxionus limosus) caught during the 2022 crayfish assessment
project in Freshwater Lake. Marked by removal of the telson on either external facing exopod or

uropod (Photo: C.Best).

e

Figure 6. Map of sites used (n=6) during spinycheek crayfish (Faxionus limosus) removal and
assessment projects conducted by Parks Canada within Freshwater Lake 2014-2022 (Imagery:

Parks Canada).
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Fin Fish Occurrence and Diversity

Assessing the health and abundance of finfish is the main goal of another annual monitoring
project conducted by Parks Canada within CBHNP. Through this monitoring project, five distinct
lakes are assessed. Each individual lake was monitored on a 5-year rotation during the spring,
using Fyke nets in an effort to identify shifts in fish diversity and species richness. From fish
data collected within Freshwater Lake, we can identify shifts in diversity and host-fish presence
and richness for freshwater mussel species prior to and during the invasion of spinycheek

crayfish.

Thermal Profiling, Freshwater Lake

Thermal sampling of Freshwater Lake is an ongoing project conducted annually from spring to
fall, spanning from 2007 to present. Sampling occurs at the lake's deepest point (16 m), marked
by a buoy line, utilizing YSI measurements (YSI 85, YSI Pro 2030) with a 20 m cable.
Temperature measurements were taken at 1 m intervals with salinity, dissolved oxygen, and
electrical conductivity taken at 5 m intervals. Additionally, hourly temperature readings at the
surface and depths of 5 and 10 m were recorded using temperature loggers attached to the
buoy line. Data collected is used to assess the lake's heating response to weather variability
and climate change. For the purpose of my analysis, parameters collected through thermal
sampling will be limited to YSI measurements of temperature and dissolved oxygen between the

months of June and September, yearly.

Freshwater Mussel Midden Survey

In addition to the data collected by Parks, individual midden surveys were conducted
independently in April 2024 at both Freshwater Lake, and Grand Lake (46°09’52"N
60°07°44”W). Grand Lake is a large (137.9 hectare) freshwater lake located northeast of Sydney
N.S. with a population of Pyganodon and lacking pressures from invasive species (Appendix,

Figure 29). A total of 50 Pyganodon shells were measured and aged from both locations, using



15

calipers for mussel valve length and a visual count of annuli rings to age the shells. Mussels

were selected at random from along the shorelines of both lakes.

Data Analysis

Linear regressions were used to assess relationships between crayfish CPUE and
survey year, overall crayfish counts and survey year, crayfish carapace lengths and survey
year, live and dead Pyganodon age and lengths across all freshwater mussel survey years
(2008, 2011, and 2021), and average water temperatures (at 1 m and 2 m depths) from 2007-
2023. The 2021 freshwater mussel quadrat data was assessed for normality, found to be non-
normal, and thus Mann-Whitney U tests were employed to assess relationships and significance
between the observed ages and lengths of live and dead mussels. Mann-Whitney U tests were
also used to determine significance of differences between age and length distributions of
Pyganodon valves observed during 2024 midden surveys in Freshwater Lake and Grand Lake.
Finally, Fisher's Exact Probability Test was used to assess whether the proportion of dead
mussels saw significant increases between surveys conducted in 2008, 2011, and 2021 in
Freshwater Lake. A significance level of p < 0.05 (alpha = 0.05) was utilized to determine
statistical significance across all analyses. The entirety of data analysis was conducted in Excel
(version 16.84) using the Data Analysis Toolpak and the Real Statistics Resource Pack (release

8.9.1) (Microsoft Corporation, 2018; Zaiontz, 2023).

Results

Spinycheek Crayfish Monitoring, Freshwater Lake, 2007-2018, 2020, 2022
Since trapping efforts began, crayfish CPUE has showed trends towards an overall

decrease, however more recent increases in crayfish CPUE suggest a fair amount of variation.
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Since trapping efforts began, CPUE has varied significantly during removal efforts, exhibiting
decreases throughout the duration of the removal project, and subsequent increases in recent
years (Figure 7). The 2008 crayfish removal effort by Parks Canada in CBHNP saw the greatest
number of crayfish observed/removed, at 5195 individuals over the course of 6707 trap nights
(Figure 8). In contrast, removal efforts in 2016 saw the least number of crayfish
observed/removed, at 26 individuals over the course of 1652 trap nights (Figure 8). Significant
correlations were observed between both crayfish CPUE and project year (p = 0.0128) as well
as overall crayfish count and project year (p = 0.00197) (Figures 8-9). Over the duration of the
crayfish removal project in CBHNP, crayfish displayed a slight but not significant increase in

carapace length (p = 0.1561) (Figure 9).

Mussel Quadrat Surveys, Freshwater Lake, 2008, 2011, 2021
During CBHNP freshwater mussel quadrat surveys of Freshwater Lake in 2008, 71

mussels were observed, of which 56 were living; in 2011, mussel surveys detected 57
individuals, of which 52 were living; and in 2021, mussel surveys detected 68 mussels, of which
28 were living (Table 1). The proportion of dead mussels increased between both 2008 and
2021 (p < 0.001), and 2011 and 2021 (p = 0.001) but did not change between 2008 and 2011 (p
= 0.086) (Table 1).

Generally, all live and dead Pyganodon recorded during freshwater mussel quadrat
surveys in 2008, 2011, and 2021 displayed a relatively linear, positively correlated, and
significant relationship between age and length (p < 0.001 for all) (Figures 10-19). In 2008, of
the 56 live freshwater mussels detected during quadrat surveys, 54 were aged and measured
for length (Table 1, Figure 10). Live mussels measured (n = 54) had a mean length of 6.77 cm
and a mean age of 9.76 years, with a minimum age of 4 years and a maximum age of 14 years

(Figures 10-11). During 2008, quadrat surveys detected 15 dead mussels, of which 8 were aged
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and measured (Table 1, Figure 12). The dead freshwater mussels measured (n = 8) had a
mean length of 6.51cm and a mean age of 9.63 years, with a minimum age of 6 years and a
maximum age of 15 years (Figures 12-13).

In 2011, of the 52 live freshwater mussels detected during quadrat surveys, only 40 were
both aged and measured (Table 1, Figure 14). Live mussels measured (n = 40) had a mean
length of 7.13 cm and a mean age of 10.03 years, with a minimum age of 4 years and a
maximum age of 17 years (Figures 14-15). During 2011 quadrat surveys, 5 dead freshwater
mussels were observed, but only 2 were both aged and measured (Table 1). The dead
freshwater mussels measured (n = 2) had a mean length of 6.9 cm and mean age of 8.5 years,
with a minimum age of 7 years and a maximum age of 10 years.

In 2021, of the 28 live freshwater mussels detected during quadrat surveys, 27 were
both aged and measured (Table 1, Figure 16). Live mussels measured (n = 27) had a mean
length of 6.99 cm and a mean age of 6.81 years, with a minimum age of 4 years and a
maximum age of 10 years (Figures 16-17). During 2021 quadrat surveys, 40 dead freshwater
mussels were observed, but only 23 were both aged and measured (Table 1, Figures 18-19).
The dead freshwater mussels measured (n = 23) had a mean length of 7.20 cm and mean age
of 8.3 years, with a minimum age of 3 years and a maximum age of 19 years (Figures 18-19).
When comparing mussel lengths and ages from the 2021 quadrat surveys, there was no
significant difference between both live and dead mussel lengths (p = 0.689), or ages (p =

0.640) (Figures 16-19).

Freshwater Mussel Midden Surveys 2024, Freshwater Lake and Grand Lake
During the 2024 midden survey in Freshwater Lake, the average length of Pyganodon

valves (n = 50) within middens was observed to be 7.55 cm, with an average age of 8.72 years

(Figures 20-21). The relationship between freshwater mussel length and age in Freshwater
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Lake middens was found to be relatively linear, positively correlated, and significant (p < 0.001).
During the 2024 midden survey in Grand Lake, the average length of Pyganodon valves (n =
50) within middens was observed to be 8.24 cm, with an average age of 8.52 years (Figures 22-
23). Overall valve lengths were longer in Grand Lake than in Freshwater Lake (p < 0.001);

however, age did not differ (p = 0.719).

Finfish Surveys, Freshwater Lake, 2008, 2013, 2018
Finfish monitoring in Freshwater Lake occurred in 2008, 2013 and 2018, showing

significant variations in CPUE across all fish counts, and for banded killifish (most abundant fish
species in Freshwater Lake) and threespine stickleback, specifically (Table 2). In 2008, 5718
individual fish of all species were caught over 104 trap nights, resulting in the overall highest
CPUE of 54.98 and highest banded killifish CPUE of 51.34. Threespine stickleback CPUE in
2008 was 1.18 (n = 123) (Table 2). In 2001, 3058 fish were caught over 70 trap nights, with an
overall CPUE of 42.69; banded killifish CPUE was 37.42 (n = 2607), and threespine stickleback
CPUE was 2.04 (n = 143). In 2018, total catch decreased to 677 fish over 50 trap nights,
resulting in the lowest overall CPUE of 13.54 and lowest banded killifish CPUE of 8.90 (n =

442). Threespine stickleback CPUE in 2018 was 1.2 (n = 60) (Table 2).

Thermal Profiling, Freshwater Lake, 2007-2023
During seasonal thermal profile monitoring within Freshwater Lake, yearly temperature

averaged 20.5°C at 1 m depth and 20.4°C at 2 m depth (Figure 24). While both a linear and
positive correlation between temperature and year was observed, it was not significant at either
depth (p = 0.101 for 1 m, p = 0.077 for 2 m). The warmest recorded temperatures were in 2018
(22.2°C at 1 m, 22.1°C at 2 m), and the coldest in 2008 (18.4°C at 1 m, 18.3°C at 2 m) (Figure

24). When further separated into months, thermal profile data recorded between June to August
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displayed a slight linear and positive correlation between temperature and year but were non-
significant (p = 0.2) (Figures 25-27). A strong linear, positive correlation, and significance was
observed between temperature and year for the month of September (p < 0.001) (Figure 28).
Seasonal thermal profile monitoring in Freshwater Lake was also used to assess %
saturation of dissolved oxygen at 0.5 m depth (Appendix, Table 3). The lowest recorded %
saturation occurred in 2008, at 59% with an average temperature of 15°C at 0.5 m, while the
highest was observed in 2018, reaching 114% with an average temperature of 19.9°C at the
same depth. Comparison between % saturation of dissolved oxygen and crayfish CPUE

revealed no significant differences (p = 0.306) (Appendix, Table 3).
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Freshwater Lake: Crayfish Catch Per Unit Effort (CPUE) Yearly)
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Figure 7. Yearly Catch per Unit Effort (CPUE) for spinycheek crayfish (Faxionus limosus)

removal in Freshwater Lake (2007-2018, 2020, 2022)
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Figure 8. Yearly count of individual spinycheek crayfish (Faxionus limosus) caught during the

crayfish removal project in Freshwater Lake (2007-2018, 2020, 2022)
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Freshwater Lake: Average Crayfish Carapace Length Yearly
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Figure 9. Average carapace length (mm) of spinycheek crayfish (Faxionus limosus) caught

during crayfish removal efforts (2007-2018, 2020, 2022).

Table 1. Ratio of dead to living mussels observed during freshwater mussel quadrat surveys in
Freshwater Lake increased in 2021 relative to both 2008 and 2011 (asterisk denotes significant

difference at a=0.05).

Year Live Dead
2008 (n=71) 56 15
2011 (n=57) 52 5

2021 (n=68) 28 40*
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Freshwater Lake: Live Pyganodon Age and Lengths 2008
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Figure 10. The length (cm) and age of each live Pyganodon from 2008 quadrat surveys of

Freshwater Lake (n = 54).

Freshwater Lake: Live Pyganodon Age Distribution 2008
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Figure 11. The age distribution of each live Pyganodon from 2008 quadrat surveys of

Freshwater Lake (n = 54).
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Freshwater Lake: Dead Pyganodon Age and Lengths 2008
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Figure 12. The length (cm) and age of each dead Pyganodon shell from 2008 quadrat surveys

of Freshwater Lake (n = 8).
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Figure 13. The age distribution of each dead Pyganodon shell from 2008 quadrat surveys of

Freshwater Lake (n = 8).
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Freshwater Lake: Live Pyganodon Age and Lengths 2011
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Figure 14. The length (cm) and age of each live Pyganodon from 2011 quadrat surveys of

Freshwater Lake (n = 40).

Freshwater Lake: Live Pyganodon Age Distribution 2011
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Figure 15. The age distribution of each live Pyganodon from 2011 quadrat surveys of

Freshwater Lake (n = 40).



Freshwater Lake: Live Pyganodon Age and Lengths 2021

12
10 | |
. -----------
8 . . . ------------------- .
oo o0 .0 "
et
. . .
y=0.7678x + 1.4448
4
® R? = 0.3858
p =<0.001
2
0
4 5 6 3 : | 10
Length (cm)

Figure 16. The length (cm) and age of each live Pyganodon from 2021 quadrat surveys of

Freshwater Lake (n = 27).

Freshwater Lake: Live Pyganodon Age Distribution 2021
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Figure 17. The age distribution of each live Pyganodon from 2021 quadrat surveys of

Freshwater Lake (n = 27)
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Freshwater Lake: Dead Pyganodon Age and Lengths 2021
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Figure 18. The length (cm) and age of each dead Pyganodon shell from 2021 quadrat surveys

of Freshwater Lake (n = 23).

Count
N w N [6)] (o)) ~ [e0] ©

-

Freshwater Lake: Dead Pyganodon Age Distribution
2021

6 7 10 11 14 15 16 19

3 4 5
Age

Figure 19. The age distribution of each dead Pyganodon shell from 2021 quadrat surveys of

Freshwater Lake (n = 23).
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Freshwater Lake: Pyganodon Midden Age and Lengths 2024
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Figure 20. The length (cm) and age of each Pyganodon shell recorded during midden surveys

at Freshwater Lake in April 2024 (n = 50).

Freshwater Lake: Pyganodon Midden Age Distribution
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Figure 21. The age distribution of each dead Pyganodon shell from 2024 midden surveys of

Freshwater Lake (n = 50).
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Grand Lake: Pyganodon Midden Age and Lengths 2024
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Figure 22. The length (cm) and age of each Pyganodon shell recorded during midden surveys

at Grand Lake in April 2024 (n = 50).

Grand Lake: Pyganodon Midden Age Distribution 2024
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Figure 23. The age distribution of each dead Pyganodon shell from 2024 midden surveys of

Grand Lake (n = 50).



Table 2. Finfish monitoring data collected from Freshwater Lake in 2008, 2013 and 2018 by
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Parks Canada. Total number of fish observed and total catch per unit effort (CPUE), along with

individual yearly count and CPUE for both banded killifish (Fundulus diaphanous) and

threespine stickleback (Gasterosteus aculeatus).

Year Trap BK 3SS
Nights Total Fish Count Total CPUE Total BK CPUE Total 3SS CPUE
2008 104 5718 54.98 5339 51.34 123 1.18
2013 70 3058 43.69 2607 37.24 143 2.04
2018 50 677 13.54 445 8.9 60 1.2
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Figure 24. Average water temperature (°C) of Freshwater Lake at 1 m and 2 m depths.

Recorded between June 1st — September 30th yearly using YSI probes.
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Figure 25. Average water temperature (°C) of Freshwater Lake at 1 m and 2 m depths.

Recorded yearly during the month of June using YSI probes.
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Figure 26. Average water temperature (°C) of Freshwater Lake at 1 m and 2 m depths.

Recorded yearly during the month of July using YSI probes.
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Freshwater Lake: Average Yearly Water Temperature (°C) at 1
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Figure 27. Average water temperature (°C) of Freshwater Lake at 1 m and 2 m depths.

Recorded yearly during the month of August using YSI probes.
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Figure 28. Average water temperature (°C) of Freshwater Lake at 1 m and 2 m depths.

Recorded yearly during the month of September using YSI probes.



32

Discussion

Spinycheek Crayfish Introduction

Introduction pathways refer to the various means by which invasive species are
transported from their native origins to new environments (Hufbauer & Torchin, 2007; Faulkner
et al., 2020). These pathways may be derived from natural processes but are often
anthropogenically mediated introductions.

Freshwater ecosystems are especially prone to biological invasions due to the massive
pressures exerted on these habitats and species by humans who wish to exploit the ecosystem
services that they may provide (Moorhouse & MacDonald, 2015; Roessink et al., 2017).
Freshwater invasions are often facilitated by humans through accidental or intentional
introductions, such as using foreign species as bait or releasing aquarium pets into the wild.
Through these pathways, countless invasive freshwater species have been introduced into
environments across the globe. Unfortunately, many of these species are considered highly
aggressive and generally detrimental to the ecosystems in which they are introduced (Havel et
al., 2015).

Crayfish (Crustacea, Decapoda, Astacida) are considered the largest mobile freshwater
invertebrates, with populations often existing at extremely high densities (Gherardi et al., 2011;
Chucholl, 2013; Havel et al., 2015). Crayfish are considered to be key consumers, feeding on a
large variety of freshwater organisms (benthic invertebrates, macrophytes, detritus, aquatic
vegetation/algae, etc.). Crayfish also act as a food source for many other organisms, including
mammalian predators such as muskrats or otters and various fish and bird species (Gherardi et
al., 2007; 2011; Chucholl, 2013). Due to their ability to integrate into the food web at a variety of
trophic levels, crayfish have the potential to be both highly effective and aggressive invaders

within freshwater ecosystems.
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Historically, non-native crayfish introductions were economically motivated, driven by a
high demand for crayfish as a human food source (Hobbs et al., 1989; Chucholl, 2013). Today,
crayfish introductions are primarily mediated through either recreational angling or the aquarium
trade, resulting in both unintentional and intentional introductions of these species into new
watersheds.

It is suggested that the introduction of spinycheek crayfish into Freshwater Lake likely
followed similar anthropogenically mediated pathways, given the geographical isolation and
great distance from pre-existing established spinycheek crayfish populations (Lambert et al.,
2007). The closest established population of spinycheek crayfish is located in Southwest New
Brunswick, over 500 km from Freshwater Lake (McAlpine et al., 1991; Lambert et al., 2007).
The distance between these two populations makes natural dispersal mechanisms non-viable,
lending support to the assumption that human involvement facilitated the introduction of
spinycheek crayfish to Freshwater Lake. To date, spinycheek crayfish have not been discovered

in any waterbodies between these two locations.

Catch Per Unit Effort Fluctuations

The entirety of CBHNP’s crayfish removal project coincided with weekly thermal profile
monitoring of Freshwater Lake. Both yearly and seasonal fluctuations were observed in both
average water temperature at 1 m and 2 m depths as well as crayfish CPUE. The first four
years (2007-2010) of the crayfish removal project saw the highest catch counts and CPUE,
likely attributed to a dense pre-existing crayfish population within the lake prior to trapping.
During this period, catch counts ranged from roughly 2000-5000 individuals, with a CPUE
between 0.55-0.77. Beginning in 2011, both overall crayfish counts and CPUE began to decline,
with overall counts decreasing to 1157 and CPUE dropping to 0.32 from 2413 and 0.55 the
previous year. This downward trend continued over subsequent years, reaching a low of 26

individuals and CPUE of 0.02 in 2016. It is possible that this overall decline in crayfish count and
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CPUE following 2011 may be related to the intensive trapping efforts in the previous years,
which served to decrease the abundance of crayfish in Freshwater Lake. However, in 2018,
CPUE rose to 0.07—the highest catch rate since 2012. Interestingly, 2018 also saw the highest
average yearly water temperature in Freshwater Lake (since 2007, when temperature logging
methods became standardized) at both 1 m and 2 m. As crayfish are poikilothermic, there is
much evidence which supports that their population dynamics and therefore catchability are
largely dependent on temperature fluctuations, among other environmental factors (Somers &
Stretchy, 1986; Richards et al., 1996; Janson et al., 2009; Olsson et al., 2009). Likewise,
crayfish locomotion is noted to vary based on changes in temperature, with heightened activity
and foraging when water temperatures are 17°C and above. As such, the relatively high crayfish
CPUE in 2018 may very well be related to the peak temperatures experienced and assumed
heightened crayfish activity in Freshwater Lake during the same year.

2018 marked the cessation of consistent crayfish trapping in Freshwater Lake. Following
this, no removal or monitoring of crayfish occurred until a 10-day test trapping period in 2020
which yielded a CPUE of 0.23. Again, no further removal or monitoring occurred until a 4-day
test trapping period in 2022, yielding a CPUE of 0.32—equal to the CPUE observed during the
2011 season. Rising crayfish CPUE from 2018 onwards suggests that a lack of pressures on
crayfish stemming from removal efforts has likely allowed the population to rebound. Due to the
rate at which invasive crayfish populations can expand when entirely uninhibited, it is likely that

consistent removal efforts would be required for effective management.

Spinycheek Crayfish Effects on Freshwater Mussels

Surveys of freshwater mussels at Freshwater Lake in 2008 and 2011 show little
evidence of impacts from the spinycheek crayfish invasion. However, freshwater mussel survey
data from 2021 suggests that as time goes on, the impacts of the spinycheek crayfish

introduction to Freshwater Lake are being felt more acutely within the Pyganodon population
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present. Within this context, we can use the decline in Pyganodon community health as an
indicator of more broad environmental changes taking place in Freshwater Lake since the early
2000s. In 2008, 79% of mussels detected during quadrat surveys were living; In 2011, 91%
were living. However, in 2021, only 41% of mussels detected during quadrat surveys were
living. When analyzing data over all three years, there was no statistical difference in the
detection of a live mussel versus a dead mussel between 2008 and 2011 (p = 0.086). In
contrast, there was a high level of significance in the detection of live mussels versus dead
mussels between both 2008 and 2021(p < 0.001) and 2011 and 2021 (p < 0.001).

Within the literature, there is much evidence suggesting that while some impacts of an
invasive crayfish introduction will be felt immediately, those which may negatively influence
entire habitats within a freshwater ecosystem (e.g., littoral zone) will likely come about over a
longer temporal scale (Olden et al., 2006). In some instances, established invasive crayfish
populations have taken decades to spread throughout entire freshwater ecosystems, slowly
influencing nearly all dynamics within littoral and zoobenthic communities (Wilson et al., 2004;
McCarthy et al., 2006; Nystrom, 2017; Marufu et al., 2020).

For each year where enough data was available to determine statistical significance
between Pyganodon (both alive and dead) age and length in Freshwater Lake, there was a
statistically significant positive correlation (p < 0.001) between mussel age and length,
demonstrating that older mussels are typically larger. Given that spinycheek crayfish are known
to preferentially target smaller mussels, we can infer that recruitment (represented as presence
of individuals < 5 years of age) within the Freshwater Lake Pyganodon population may be less
likely to occur, threatening the continued survival of this mussel population over time (Klocker
and Strayer, 2004; Strayer and Malcolm, 2012). While individual Pyganodon 5 years or under
were detected during each year of freshwater mussel surveys in Freshwater Lake, the 2021
survey saw more deceased mussels which comprised ages 3-5. In 2008, no deceased mussels

were detected under the age of 5. In 2011, again, no deceased mussels were detected under
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the age of 5. However, in 2021, deceased mussels detected included two 3 year old mussels,
two 4 year old mussels, and eight 5 year old mussels. Out of 23 deceased mussels detected in
2021, 12 (~52%) were less than or equal to 5 years of age.

Pyganodon species are colloquially referred to as “floaters” due to their predisposition to
more frequently sit on top of sediments or burrow to shallower depths relative to other members
of order Unionida (Diggins and Stewart, 2000; Gough et al., 2012; Luo et al., 2014). This
behaviour may serve to exacerbate the negative impacts of spinycheek crayfish on the mussel
population present within Freshwater Lake, as F. limosus are known to preferentially target
individual mussels that are closer to/on top of the substrate surface (Klocker and Strayer, 2004).

A study by Haag (2013) concluded that some Pyganodon cataracta populations can
have relatively low levels of annual fecundity (i.e., the number of glochidia brooding within the
gills of gravid females), while mean fecundity across the species may trend more towards an
average level relative to all Unionids. In that study, mean fecundity across all species and
populations ranged from a minimum of 1950 to a maximum of 10,735,000, with the two studied
Pyganodon populations possessing mean fecundities of 17,482 and 53,811 (Haag, 2013). Haag
(2013) also suggests that reproductive effort shows a strong negative correlation with age.

In Freshwater Lake, abundance of potential host fish (i.e., three-spined stickleback) for
the local Pyganodon population appears to exhibit relatively large amounts of variation year
over year, as inferred through measures of CPUE during CBHNP lake fish surveys. However,
the most abundant fish present in Freshwater Lake (i.e., banded killifish) has seen dramatic
decreases in CPUE between 2008 and 2018. This may very well be correlated with the
establishment of invasive crayfish within Freshwater Lake, as there is strong evidence within the
literature supporting that invasive crayfish species will outcompete native non-piscivorous fish
species over time (Wilson et al., 2004). If trends in three-spined stickleback CPUE begin to
exhibit synchrony with trends in banded killifish CPUE, this would suggest that Pyganodon may

have an increased difficulty in successfully finding a host fish to assist with reproduction. Within
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data collected during freshwater mussel surveys in 2011 and 2021 in Freshwater Lake, there is
a distinct decrease in mean ages of living mussels detected, at 8.5 and 6.8 years, respectively.
This may be evidence that, due to a lack of host fish abundance within Freshwater Lake, local
Pyganodon have shifted life strategies away from prolonging lifespan and towards maximizing

reproductive effort.

Shell Middens for Population Analysis

Shell middens are generally defined as collections of molluscan exoskeletons
concentrated within a single area as evidence of previous subsistence activities (i.e.,
consumption of inner tissues) (Waselkov, 1987; Fred and Andrus, 2011). While midden studies
can assess the relationships between humans (i.e., subsistence hunter-gatherers) and their
environments, they can also be used to assess relationships between the environment and
other organisms that may prey on molluscs (Waselkov, 1987; Neves and Odom, 1989; Tyrrell
and Hornbach, 1998; Fred and Andrus, 2011). Typically, studies of freshwater mussel middens
are focused on assessing the prey-seeking behaviours of mammals such as muskrats or river
otters (Neves and Odom, 1989; Tyrrell and Hornbach, 1998). Within the Freshwater Lake
ecosystem, it is generally accepted that such mammalian predators are less common than may
be expected of other freshwater ecosystems (Bridgland, 2021). Given the incredible density of
Pyganodon valves and valve fragments present within middens across Freshwater Lake and a
lack of pressures from mammalian predators, this extensive record of molluscan predation may
be evidence of spinycheek crayfish feeding behaviours within the ecosystem.

Analysis of Pyganodon valves present within Freshwater Lake middens yielded an
average length of 7.55 cm and an average age of 8.72 years. A midden survey was also
conducted at Grand Lake—an ecosystem generally considered to be “healthy” and not currently
experiencing pressures from harmful invasive species. Analysis of Pyganodon valves from

middens in Grand Lake yielded an average length of 8.24 cm and an average age of 8.52 years.
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Differences between the ages of valves present within the middens of these different lakes were
deemed not significant (p = 0.719), however differences in the sizes of valves present between
the middens of Grand Lake and Freshwater Lake were deemed to be highly significant (p <
0.001).

This data lends strength to the assumption that each lake is experiencing predation
pressures from animals exhibiting different prey-seeking behaviours and preferentially targeting
different subsets of their respective Pyganodon target populations. Within the literature, there is
strong evidence suggesting that muskrats exhibit size-selective feeding behaviours in order to
maximize energy gained from consuming a given mussel versus energy expended by reaching
the soft, edible inner tissues (Neves and Odom, 1989; Tyrrell and Hornbach, 1998; Diggins and
Stewart, 2000). In contrast, there is evidence within the literature suggesting that smaller
mussels provide easier prey for crayfish and that predation success may also be contingent on
the size of the individual crayfish, thereby suggesting that male crayfish will typically see a
greater success rate in predation attempts on freshwater mussels (Maclsaac, 1994; Klocker and
Strayer, 2004; Al-Ebrashy, 2013; Sanders & Mills, 2022).

While the most recent freshwater mussel surveys from Freshwater Lake (i.e., in 2021)
do not (p = 0.689) support the hypothesis that spinycheek invaders preferentially select for
smaller Pyganodon prey, it would be beneficial to conduct further field studies within Freshwater
Lake to better assess the prey-seeking behaviours of the invasive spinycheek crayfish. Quadrat
surveys of live mussels within Grand Lake should also be considered in order to bolster the
potential for quantitative analysis of combined living and dead Pyganodon community size and

age distributions between these two distinct lakes.
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Challenges and Future Research

The spinycheek crayfish invasion of Freshwater Lake is a compelling case study on the
impacts of crayfish invasions on biodiversity and the dynamics of freshwater mussel
populations. The use of Parks Canada datasets throughout this thesis allowed for access to a
plethora of data spanning multiple monitoring projects, with many taking place over several
years. However, some limitations and potential areas for improvement were identified.

The cessation of freshwater mussel surveys in 2012 led to a rather large gap in the data.
The lack of survey efforts between 2012 and 2021 resulted in some difficulty when making
comparisons between crayfish removal efforts and mussel abundance. Although comparisons
between these variables were possible with the available data, more frequent survey efforts
would allow for a greater understanding in mussel population fluctuations. Furthermore, the
finfish monitoring schedule only coincided with three years of the crayfish removal project,
restricting the ability to fully comprehend fish abundance fluctuations. Human error may have
also influenced the detection of juvenile mussels, given their small size and propensity to
burrow, compounded by visibility issues arising from substrate variations within Freshwater
Lake. Future research directions offer promising avenues for enhancing our understanding of
the dynamics between invasive crayfish species and freshwater ecosystem health.

Due to the ongoing disagreements surrounding the classification of Pyganodon species
in Eastern Canada, genetic analysis of Pyganodon populations in Northern Cape Breton would
allow for a definitive identification of the present species between P. cataracta or P. fragilis.
Future evaluations of mussel health could employ the freshwater mussel condition index for
comparison between Freshwater Lake and a similar lake's Pyganodon population.

Conducting additional mussel quadrat and midden surveys within Freshwater Lake and
other watersheds within the Park—especially those previously identified to have populations of
freshwater mussels, would provide valuable data for comparative analysis with neighboring

populations.
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Moreover, investigations into the predation behaviors of spinycheek crayfish, particularly
their interactions with freshwater mussels, could be achieved through timed tank trials. Such
studies could shed light on crayfish predation and selection preferences and assess their ability
to excavate juvenile mussels from the sediment. Finally, examining threespine stickleback gill
glochidia from Freshwater Lake could provide insight into the fecundity of the Pyganodon
population, especially in light of the crayfish invasion. These findings could be compared to pre-
existing glochidia studies or give rise to the opportunity to conduct surveys from other lakes with
both Pyganodon and threespine stickleback.

While this study offers valuable insights, its findings underscore the need for continued
research to address data gaps, mitigate human error, and deepen our understanding of the

complex ecological interactions unfolding within Freshwater Lake and beyond.
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Appendix

Kytes'Hill

Grand Lake

Figure 29. Midden study site: Grand Lake, Sydney, N.S., Canada 46°09'52"N 60°07°44”W. Lake
area is 137.9 hectares and has a maximum depth of 3 m (NS Fisheries and Aquaculture, 2004)

(Imagery: 2023 Google).

Table 3. Yearly results of thermal profile temperature and % oxygen saturation at 0.5-meter

depth, and spinycheek crayfish (Faxionus limosus) CPUE.

Year Temp (0.5) % Saturation  Crayfish CPUE
2007 20.5 105 0.62
2008 15.0 59 0.77
2009 0.69
2010 0.55
2011 0.32
2012 0.15
2013 0.03
2014 0.02
2015 0.03
2016 0.02
2017 21.2 84 0.02
2018 19.9 114 0.07
2019 20.9 9%

2020 21.5 97 0.23
2021 20.9 98

2022 21.1 94 0.32

2023 20.5 96
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