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Abstract  
 

Invasive species are the second greatest threat to biodiversity globally. Crayfish are especially 

robust invaders due to their omnivorous feeding behavior and ability to compete both directly and 

indirectly with native species. In the North Saskatchewan River (NSR) basin, the Northern 

Crayfish (Faxonius virilis) was introduced and has persisted since the early 1990s. Despite the 

North Saskatchewan River being an ecologically, economically, and culturally valuable watershed, 

the crayfish’s impacts on Alberta’s native fish communities have yet to be assessed.  

I aimed to determine the in-stream environmental characteristics most associated with the 

crayfish’s occupancy in the North Saskatchewan River and determined which currently 

unoccupied tributaries are most prone to future invasion. I deployed 24-hour baited crayfish traps 

and collected environmental measurements (water temperature (°C), turbidity (NTU), flow 

velocity (ms-1), and physical complexity) at 37 tributary reaches along the Alberta portion of the 

North Saskatchewan River basin. Northern Crayfish were detected at 13 of 37 tributary reaches, 

with no occurrences detected west of the city of Edmonton, Alberta. Occupancy model selection 

and averaging revealed that water temperature alone drove occupancy of Northern Crayfish in 

tributaries of the North Saskatchewan River and that streams with mean summer water 

temperatures greater than 18.7 °C are 50% or more likely to be occupied by Northern Crayfish and 

thus, are at highest risk for subsequent invasion. Further, I found that streams with mean summer 

water temperatures below 15 °C were less than 25% likely to be or become occupied by Northern 

Crayfish. Cold water streams may have some natural protection against subsequent Northern 

Crayfish invasion.  

I sampled ten North Saskatchewan River basin tributaries for F. virilis and six native common-

generalist fish species and used stable isotope analysis to investigate if there is sharing of and/or 
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exploitative competition for nutritional resources between F. virilis and native fish species. I also 

investigated if F. virilis sympatry was related to differences in fish isotopic characteristics and/or 

reduced body condition of native fishes. Moderate overlap (13.8-40.2%) of F. virilis and native 

fishes’ fundamental isotopic niches indicated that F. virilis have the potential to consume the same 

dietary resources as secondary consumer native fishes. However, overall segregation of realized 

isotopic niches indicated a lack of resource sharing between F. virilis and native fishes in NSR 

tributaries. Similarity between the Bayesian estimated realized standard ellipse areas (SEAB), 

carbon ranges, and body condition of F. virilis allopatric and sympatric native fish populations 

indicated that F. virilis sympatry did not have negative trophic effects on the native fish species in 

this study. My results suggest that F. virilis may be utilizing dietary plasticity to exploit a slightly 

different trophic niche than native fishes and in doing so, avoid exploitative competition for dietary 

resources. Dietary plasticity could facilitate the establishment and invasion of F. virilis populations 

in currently unoccupied tributaries of the North Saskatchewan River basin in the future.  

The results from this thesis provide practical guidelines for watershed management of invasive 

Northern Crayfish populations in the North Saskatchewan River and Alberta. My findings also 

highlight the importance for watershed managers to continue to prevent further spread of F. virilis 

in the North Saskatchewan River basin to prevent potential negative impacts on native fish while 

further research is conducted.  
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Chapter 1: General Introduction 
 

Freshwater biodiversity provides human populations with invaluable ecosystem services, cultural 

significance, and economic resources (e.g. commercial and recreational fisheries) (Dudgeon et al., 

2006). At the same time however, freshwater biodiversity is undergoing a steep decline. 

Freshwater vertebrate populations declined by 81% globally from 1970 to 2012 which is more 

than twice the declines seen in either terrestrial or marine vertebrates in the same time frame 

(McRae et al., 2017). Rapid decline of freshwater vertebrates can be attributed to human actives 

including habitat loss, overexploitation of stocks, and the introduction of invasive species 

(Dudgeon et al., 2006; Reid et al., 2019).   

Invasive species are those that are established outside of their native range and cause harm 

(ecologically and/or economically) where they are introduced (Mack et al., 2000). Invasive species 

begin as non-native species that are transported outside of their native range either accidentally 

(e.g. fouled boat hulls or uncleaned muddy boots) or purposefully (e.g. stocking for recreational 

fishing) by humans. A non-native species must survive the initial transport, establish a self-

sustaining population, spread to new locations, and cause negative ecological impacts in its 

extended range before it is classified as an invasive species (Lockwood et al., 2013; Mack et al., 

2000). The majority of translocated non-native species are unable to move through the stages from 

introduction to spread leaving a small number of species that become invasive. These few invasive 

species can cause significant harm on native ecosystems in various ways including competition, 

predation, and ecosystem engineering (Lockwood et al., 2013). Aquatic invasive species (AIS) are 

an especially problematic invasive species group as they are difficult to detect, and once detected 

are difficult to control and contain (Ruppert et al., 2017). Crayfishes are a particularly worrying 

AIS group because in addition to their known generality, adaptability and omnivory, non-native 

crayfish species tend to become invasive species in a larger proportion than do other taxa 

(Longshaw & Stebbing, 2016).  

The Northern Crayfish (Faxonius virilis; Hagen, 1870) is an inland crayfish species that is 

native to the central portions of Canada and the Northern United States (Williams, 2012). F. virilis 

resemble small lobsters and tend to be olive-brown in colour with yellow tuberculations on the 

chelae (Loughman, 2010). Although native to parts of the USA and Canada, F. virilis has 

established non-native populations of concern in the Southern United States, Eastern New 



2 

 

Brunswick, and Alberta (Donahou, 2020; McAlpine et al., 2007; Williams, 2012). In Alberta, F. 

virilis has been introduced to the Athabasca River, Battle River, Oldman River, Bow River, Milk 

River and North Saskatchewan River basins (Williams, 2012). Genetic microsatellite marker 

analysis of F. virilis populations in the North Saskatchewan River (NSR) basin revealed that their 

introduction was a result of both anthropogenic (capture and use as angler bait) and natural range 

expansion pathways (Williams, 2012). Currently, the province of Alberta has declared F. virilis a 

species of invasive concern and regulations to control the species’ spread are in place. F. virilis 

can be legally captured without a license in any amount, all captured individuals must be killed 

prior to transport, and the use of F. virilis as anger bait is prohibited throughout the province (AEP, 

2018). 

Although present in multiple watersheds in Alberta, I concentrate on established F. virilis 

populations in the NSR basin. When last assessed, the NSR basin’s ecosystem services were 

estimated to be worth $17.7 billion dollars which is equal to 18.3% of the total economic value 

(GDP) of the NSR basin and 6% of Alberta’s provincial GDP in 2007 (North Saskatchewan 

Watershed Alliance [NSWA], 2010). Additionally, the basin supports multiple freshwater fish 

species at risk (Nelson & Paetz, 1992). Despite its ecological, economical, and social importance, 

the watershed is highly impacted by anthropogenic land-use stress and invasive species that have 

established themselves in this watershed, one of which is F. virilis (North Saskatchewan 

Watershed Alliance (NSWA), 2010). 

To this point, few studies have evaluated the distribution of F. virilis populations in 

tributaries of the NSR with the most recent distribution data collected in 2011 (Williams, Proctor, 

et al., 2011). Other studies addressing NSR F. virilis populations are few and concentrate on their 

symbionts (e.g. Gale & Proctor, 2011; Williams et al., 2009; Williams, Williams, et al., 2011). 

Currently, no studies have investigated what local environmental characteristics are associated 

with F. virilis occupancy of NSR tributaries. Nor have any aimed to determine what trophic 

position F. virilis occupies in tributary food webs or evaluated the interactions and potential 

negative impacts that F. virilis may have on Alberta’s native fish species. 

I update the distribution of F. virilis populations in the NSR basin (Chapter 2). From there, 

I investigate the occupancy and impacts of F. virilis populations on native fishes of the North 

Saskatchewan River basin. Specifically, I surveyed 43 tributary reaches for F. virilis and 
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developed an occupancy model to determine the local environmental characteristic(s) most 

associated with F. virilis occupancy. I averaged the best models to determine the parameter ranges 

most associated with F. virilis occupancy and advise on which currently unoccupied tributaries are 

at highest risk of future occupation (Chapter 2). I then conducted stable isotope analysis on 

specimens of F. virilis and six native fishes from a subset of ten tributary reaches to investigate 

what potentially detrimental trophic interaction(s) F. virilis has with native fishes (Chapter 3). The 

results of this thesis will provide watershed managers with practical advice on how to better 

prevent the spread of F. virilis within the NSR basin. My results will also add to the understanding 

of how non-native crayfish interact with and/or impact the trophic characteristics and body 

condition of native freshwater fish populations.  
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Chapter 2: Occupancy of invasive Northern Crayfish (Faxonius virilis) 

in the North Saskatchewan River basin is driven primarily by water 

temperature 
 

Introduction 

Non-native species are those that are present in an environment that is not part of their natural 

range. When non-native species become established in such an environment and their presence 

results in negative ecological, economic, and/or human-health impacts, they are described as 

“invasive species” (Mack et al., 2000). Invasive species have a marked adverse impact on global 

freshwater biodiversity, second only to habitat destruction, and more so than overexploitation, 

pollution and augmentation (Dudgeon et al., 2006; Mack et al., 2000). Aquatic invasive species 

(AIS) are an especially problematic invasive species group as they are challenging to detect. Once 

detected, they are difficult to control and contain (Ruppert et al., 2017).  

Crayfish are a particularly problematic AIS group due to their generality in habitat use, 

adaptability, and omnivorous feeding behaviour. Their omnivorous feeding behaviour allows 

crayfish to compete with native fauna on multiple trophic levels simultaneously. Invasive crayfish 

have been documented as causing a host of ecological issues, including trophic cascades, 

truncation of food webs, and modification of habitat (Dorn & Wojdak, 2004; Geiger & Alcorlo, 

2004; Jackson et al., 2014; Rodríguez et al., 2005). They have been known to compete with 

herbivores and modify habitat by decimating macrophytes that cause trophic cascades by reducing 

aquatic snail biomass, resulting in an increase in periphyton biomass (Jackson et al., 2014). Studies 

have also shown that crayfish directly affect the young-of-year of threatened fish species by 

consuming fish eggs and fry (Caroffino et al., 2010; Fitzsimons et al., 2002; Savino & Miller, 

1991; Setzer et al., 2011). Finally, crayfish can compete indirectly for important microhabitats 

such as shelters that are essential for small and juvenile fish to evade predators (Longshaw & 

Stebbing, 2016).  

Northern Crayfish (also known as the virile crayfish) (Faxonius virilis, Hagen, 1870), is an 

inland crayfish species that is native to large portions of Canada and the Northern United States. 

F. virilis live and reproduce in warm, well-oxygenated rivers with moderate flow velocity and 

turbidity (Brewer et al., 2009; Haddaway et al., 2015; Lehti-Koivunen & Kivivuori, 1994; Light, 

2003; Olsson & Nyström, 2009; Smith et al., 1996). The thermal niche of F. virilis is challenged 
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at low water temperatures (10-13 °C) where molting is slowed or halted completely (Momot, 1967; 

Rogowski et al., 2013). Additionally, crayfish reach sexual maturity later, embryonic development 

is slower, and juvenile mortality is higher at water temperatures below 16°C (Jin et al., 2019; 

Wetzel & Brown, 1993). Due to their inability to hold station under high flow velocity, F. virilis 

tend not to be found in fast-moving streams (Light, 2003; Maude & Williams, 1983).  

Although native to Canada (from Quebec to Saskatchewan), established invasive 

populations of  F. virilis are cause for concern in Eastern New Brunswick and Alberta (Donahou, 

2020; McAlpine et al., 2007; Williams, 2012). In Alberta, F. virilis has been introduced to 

watersheds including the Athabasca River, Battle River, Oldman River, Bow River, Milk River 

and North Saskatchewan River (NSR) (Williams, 2012). The NSR runs through Edmonton, 

Canada’s fifth-largest and North America’s northern-most city with a population of over 1 million 

inhabitants. In 2007, NSR basin ecosystem services were estimated to be worth $17.7 billion 

dollars, equal to 18.3% of the total economic value (GDP) of the NSR basin and 6% of Alberta’s 

GDP in the same year (North Saskatchewan Watershed Alliance [NSWA], 2010). Additionally, 

the basin supports aquatic species at risk (e.g. Bull Trout [Salvelinus confluentus] and Plains 

Sucker [Catostomus platyrhynchus]) as well as economically important sport fisheries (e.g. 

Northern Pike [Esox Lucius]) and culturally important species (e.g. Lake Sturgeon [Acipenser 

fulvescens]). Despite the watershed’s ecological, economic, and cultural importance, the crayfish’s 

impacts have yet to be assessed.  

The goal of this study is to determine the environmental characteristics that are most 

associated with F. virilis occupancy in the NSR basin and which currently unoccupied tributary 

reaches are most susceptible to crayfish invasion. Specifically, I address the following two research 

objectives: (1) determine what suite of local (instream) habitat features best predict crayfish 

occupancy in tributaries of the NSR basin and what variables affect crayfish detection; and (2) 

identify which unoccupied tributary reaches ought to be prioritized for additional monitoring and 

prevention of subsequent invasion based on the suite of local habitat features identified in the first 

objective. I used occupancy modelling to meet these objectives. Occupancy models have been 

used to determine the distribution of crayfish as well as the ecological characteristics that best 

predict their occupancy while accounting for imperfect detection (e.g. Ficetola et al., 2011; 

Loughman et al., 2012; Magoulick et al., 2017; Smith et al., 2019; Yarra & Magoulick, 2018). Due 
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to F. virilis’ known affinity for warm, medium to low flow velocity, and productive, moderately 

turbid, physically complex environmental conditions, I hypothesize that the suite of environmental 

covariates that would best predict crayfish occupancy would consist of water temperature, flow 

velocity, turbidity, and in-stream physical complexity (Bowman, 2019; Longshaw & Stebbing, 

2016; Maude & Williams, 1983; Momot, 1967; Olsson & Nyström, 2009; Rogowski et al., 2013; 

Rosewarne et al., 2014; Simon & Cooper, 2014; Wetzel & Brown, 1993). 

Methods 

Study area & tributary reach selection 

The study area included tributaries of the Alberta portion of the North Saskatchewan River (NSR) 

basin. The basin is a glacier-fed watercourse that begins in the Rocky Mountains at the 

Saskatchewan Glacier. From the headwaters, the river’s mainstem flows through Edmonton and 

continues to the Alberta-Saskatchewan border, just north of Lloydminster, Alberta. The basin 

includes multiple natural regions, including Alpine, Foothills, Parkland, and Prairie. Major 

tributaries of the basin from west to east include the Clearwater, Brazeau, Sturgeon, and Vermilion 

Rivers. Previous to F. virilis invasion, the basin possessed no endemic decapod species (Williams, 

2012).  

Field data were collected at 43 tributary reaches throughout the NSR basin from June 

through August 2020 (Figure 2.1). Each tributary reach (referred to hereinafter as “reach”) 

consisted of a 200-300 m stretch of tributary and all reaches were located within a 4-6 Strahler 

stream order tributary of the NSR basin. No mainstem NSR reaches were sampled because 

mainstem environments were outside of the study’s scope and because of low sampling feasibility 

due to high water velocity and depth. Reach selection was conducted based on a geospatial analysis 

which divided the basin into six clusters based on broad ecozones and accompanying geospatial 

data (Roberts, unpublished data). Alpine, Subalpine, and Montane natural regions were excluded 

from the analysis due to difficulty of access to these reaches and because these regions are 

relatively pristine (little anthropogenic footprint) compared to the rest of the basin. Forty-six 

variables describing various anthropogenic and natural characteristics of the basin were included 

in a Principal Component Analysis (PCA) and cluster analysis was used to assign each hydroshed 

unit (Lehner et al., 2008) to one of six clusters (Roberts, unpublished data). Reaches were selected 

based on these clusters to ensure even distribution of reaches throughout the basin and among 
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natural basin features and anthropogenic land-uses. Further reach selection was conducted based 

on reconnaissance visits and were included or excluded based on accessibility and reach 

conditions.  

Crayfish sampling 

F. virilis were sampled using modified minnow traps with 2¼ inch diameter openings. 

Individual traps were tied to nylon rope 3 m apart in sets of six to form a trapline. Traplines were 

baited using Purina Friskies® salmon-based cat food-filled perforated film canisters in each 

individual trap and affixed to the river bank by a loop and rebar stake on the upstream end of the 

trapline. A total of four traplines were deployed at each reach for a total of 24 traps per reach. 

Traplines were deployed and numbered from first to fourth along the riverbank in an upstream 

direction and placed 50m apart to reduce spatial overlap between surveys and reduce spatial 

random effects (Acosta & Perry, 2000). A single trapline was the measurement unit considered as 

a single crayfish survey (Figure 2.2). Because crayfish are nocturnal and most active at night 

(Styrishave et al., 2007), baited traplines were left overnight to increase the chance of capture. The 

morning following deployment, traplines were retrieved from the water and presence/absence data 

as well as crayfish count data per trapline were recorded. All captured crayfish were humanely 

euthanized using a 15-minute ice bath and pithing in accordance with the University of Alberta, 

CCAC animal handling and ethics regulations (AUP No.: AUP00003578). Specimens were stored 

in ice-filled bags for transport to the University of Alberta for further analysis. No crayfish were 

returned to the water as they are a regulated invasive species in Alberta and all captured individuals 

must be euthanized on-site (AEP, 2021a). F. virilis presence/absence (p/a) data was compiled by 

trapline to create a detection history for the reach. For example, if presence is denoted as a 1 and 

absence as a 0, then at a reach were crayfish where detected in the first, third, and forth traplines, 

but not detected in the second trapline, the detection history including the four spatial sampling 

survey events at that reach is 1011 (Figure 2.2).  

Covariate data collection  

Local environmental characteristic measurements were collected after trapline retrieval so as not 

to disturb crayfish at the reach prior to sampling. Ten covariates (water temperature [C°], turbidity 

[NTU], flow velocity [ms-1], p/a woody debris, p/a in-stream boulders, p/a overhanging banks 

[OHB], % rocky substrate cover, % macrophyte cover, % sand/silt cover, and water depth [cm]) 
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were collected to model F. virilis occupancy and detection. Water temperature and turbidity were 

measured at each trapline using a Hydrolab DataSonde® 5X Multiprobe to the nearest tenth of a 

degree and NTU, respectively. Water depth was measured in five locations near each trapline that 

had been deployed using a Rickly USGS four-foot wading rod. Flow velocity was also measured 

in five random locations near each trapline that had been deployed at 40% depth (i.e. 60% distance 

off of the river bed) using a Marsh McBirney Flo-MateTM 2000. Presence or absence of woody 

debris, overhanging banks, and in-stream boulders was assessed visually within the vicinity of 

each trapline. Woody debris was defined as wood substrate (e.g. downed trees) that was totally or 

partially submerged in the water and was ≥ 15 cm in diameter (Zale et al., 2012). Overhanging 

banks were defined as river banks with eroded bottom portions that cause the top of the bank to 

hang over a portion of the river’s surface (Zale et al., 2012). In-stream boulders were defined as 

rocky substrate that was ≥ 30cm in diameter and was fully or partially submerged in the water. 

Finally, the proportion of rocky cover, macrophyte cover, and sand/silt cover were visually 

assessed as the area covered by the substrate type, divided by the total area along the length of 

where the trapline was placed and within 50 dry cm and 50 wet cm of the water’s edge.  Rocky 

substrate included rock particles of cobble, gravel, and pebble size classes following the 

Wentworth Scale (Bunte & Abt, 2001). 

Statistical analyses 

Prior to analysis, reaches and covariates were inspected for missing values and data. This resulted 

in the exclusion of six reaches due to two or more missing covariate data values. The excluded 

reaches featured low physical complexity and near mean turbidity and flow velocity. Therefore, 

the exclusion of these six reaches likely did not have an effect on the study’s results and was 

justified as it was necessary to retain all covariates in the data set.  These six reaches were excluded, 

after which no missing values were found and all covariates were retained.  A total of 37 reaches 

were included in the data set used for analysis. The existence of collinearity between covariates 

was inspected by conducting linear regression analysis between each unique pair of variables. 

Linear regression relationships between covariates with adjusted R2 values exceeding 0.5 and 

significant p-values (p <0.05) were considered colinear and redundant (Dormann et al., 2013; R 

Core Team, 2021).  
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Nonmetric multidimensional scaling  

To reduce the total number of covariates and increase the parsimony of the models, the six physical 

complexity covariates (p/a woody debris, p/a in-stream boulders, p/a overhanging banks, % rocky 

substrate cover, % macrophyte cover, % sand/silt cover) were combined into a single gradient of 

in-stream physical complexity. I chose to use Nonmetric Multidimensional Scaling (NMDS) to 

achieve this over other multivariate statistical analyses (e.g. Principle Component Analysis [PCA]) 

because the physical complexity covariates were non-normally distributed and/or binary. Non-

parametric analyses such as NMDS are much more flexible when working with non-normal and 

binary variables (Legendre & Legendre, 2012). First, I calculated the Bray-Curtis distance matrix 

(due to the binary nature of variables). It is important to note that % sand/silt cover was not 

included in the calculation as this variable is equivalent to the lack of % rocky substrate cover or 

% macrophyte cover and therefore, would have been redundant. I then performed NMDS 

ordination with two predefined dimensions of the final 37 reaches included in the model. The 

NMDS was calculated multiple times from random starts to achieve a stable solution using R vegan 

package (R function metaMDS, Oksanen et al., 2020). The first NMDS axis (NMDS1) was 

visually inspected in relation to covariate vectors and found to be a good representation of the 

physical complexity gradient. An inverse transformation (multiplication by -1) was applied to both 

NMDS axes so that positive values were associated with high physical complexity and negative 

values were associated with low physical complexity. I then replaced physical complexity 

covariate values with the complexity score values from NMDS axis 1 for each reach. These NMDS 

scores became the covariate representing in-stream physical complexity for the subsequent 

analysis: occupancy modelling. 

Occupancy modelling and selection 

The standard occupancy model assumes that the abundance of the target species is homogenous 

across all sample reaches (MacKenzie et al., 2017). However, during sampling it was apparent that 

F. virilis abundance was highly variable between reaches. For this reason, I elected to use the 

Royle & Nichols occupancy model in the R unmarked package (R function occuRN, Chandler et 

al., 2021) because it accounts for heterogeneity in target species abundance between reaches on 

the detection probability parameter (p) (Royle & Nichols, 2003). Detection probability may be 

larger in reaches with higher abundance because more individuals are present and thus, more likely 
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to be detected. The Royle and Nichols model’s occupancy parameter is denoted by lambda (λ) in 

lieu of psi (Ψ) which is used to denote the occupancy parameter in the standard occupancy model 

(MacKenzie et al., 2017).  Occupancy was modelled using a global additive model with the 

following covariate structure for occupancy estimation and was based on hypotheses derived from 

the literature (Table 2.1): temperature + flow + turbidity + complexity.  The detection estimation 

portion of the model included flow + depth covariate structure. Depth was included as a detection 

probability covariate because deeper reaches may prevent traplines from reaching the riverbed 

which would make the trapline inaccessible (physical survey barrier) to crayfish and therefore 

negatively impact detection (Table 2.1). Thus, the complete global model was λ (temp + comp + 

flow + turb), p(depth + flow). Goodness of fit of the global model to the data was assessed using 

Pearson’s parametric bootstrapped chi-square test (MacKenzie & Bailey, 2004). If overdispersion 

was detected, standard error values were inflated by the square root of the overdispersion 

correction value (c-hat) to reduce the probability of a type I error (MacKenzie & Bailey, 2004).  I 

then performed iteration of the global model and conducted model selection analysis with models 

comprised of all possible subsets of covariates to determine which covariates contributed 

positively to model parsimony. In particular, I calculated second-order bias-corrected Quasi-

Akaike Information Criterion (QAICc) for each model, which is recommended for models with 

reasonable overdispersion (1> c-hat <4) and have n/K <40 where n is the number of observations 

and K is the total number of parameters in the model (Burnham & Anderson, 2004; MacKenzie et 

al., 2017). All strong (within ΔQAICc <2) and moderate (within ΔQAICc <3) models were 

considered to be plausible (MacKenzie et al., 2017). I interpreted covariates included in any of 

these models as having some potential to be incorporated into the most parsimonious explanation 

of the data. The directionality of covariate parameter estimates was used to interpret the 

relationship (negative or positive) of covariates with F. virilis occupancy. Covariate estimate 

standard errors were multiplied by 1.96 and added or subtracted from the estimate value to 

determine the upper and lower 95% confidence interval boundaries, respectively (Altman & Bland, 

2005).  The trapline and reach probabilities of detecting at least one crayfish were calculated using 

the detection intercept value from the best model (smallest QAICc) and principles of probability 

equations.  
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Water temperature standardized occupancy modelling and selection  

To further investigate covariate-occupancy relationships, the effect of water temperature was 

controlled by repeating the above occupancy modelling procedures a second time on a subset of 

the data (n=19) including only reaches with water temperature measurements ≥ 18 C° (maximum 

= 22.2 C°) to achieve a standardized water temperature range spanning 4.2 C°. The aim of this 

analysis was to identify potential relationships between occupancy and turbidity, flow velocity, 

and physical complexity that may otherwise be masked by the effect of the strong water 

temperature gradient of the basin. 

Model averaging 

In order to make predictions about F. virilis occupancy based on covariate measurements among 

sampled streams, I used the R AICcmodavg package to perform model averaging of the 

temperature parameter estimate and calculate the model averaged-predictions and 95% confidence 

intervals (R functions modavg & modavgPred) based on the strongest (within ΔQAICc <2, 

Mazerolle, 2020) models (Buckland et al., 1997). Average occupancy probability was then plotted 

as a function of those predictors with 95% confidence intervals. The 50% probability of occupancy 

threshold was calculated based on the plot. 

Generalized linear mixed model  

To investigate potential random spatial effects that were unaccounted for in the occupancy model, 

I used the R glmmTMB package to create a generalized linear mixed model (GLMM) with the 

same covariate structure for occupancy estimation as the global occupancy model (λ [temp + comp 

+ flow + turb]), with the addition of two spatial random variables: reach (n=37) and geospatial 

cluster (n=6) (R function glmmTMB, Magnusson et al., 2021).  I chose a Poisson error distribution 

with a log link function for the GLMM because the response variable for this analysis was crayfish 

count per reach (Bolker et al., 2009). Random effect structure was assessed in four candidate global 

models, which differed in their random effect variable structures. Each global model possessed 

none (no random effects), reach, cluster, or reach + cluster (nested) as random effect variables.  

Model selection of these four candidate models was performed by calculating and comparing 

second-order bias-corrected Akaike Information Criterion (AICc) which is recommended for 

models with a small sample size but that are not overdispersed (Burnham & Anderson, 2004). The 
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most parsimonious model with the smallest AICc value was the global model that included only 

reach as a random variable and was selected as the final global GLMM. I used the R DHARMa 

package to assess zero-inflation in the global model (R function testZeroInflation, Hartig & Lohse, 

2021). Simulated residual plots were visually inspected and found to be normal, indicating proper 

model specification (Zuur et al., 2009). Iteration of the global model was then performed, followed 

by model selection analysis to determine which covariates contributed positively to model 

parsimony. Corrected Akaike Information Criterion (AICc) was then used to identify all strong 

(within ΔAICc <2) models which were considered to be plausible for identification and 

explanation of any deviation from the relationships found by the occupancy model that could result 

from random spatial effects. Covariate estimate standard errors were multiplied by 1.96 and added 

or subtracted from the estimate value to determine the upper and lower 95% confidence interval 

boundaries, respectively.  Log-likelihood ratio test using a chi-square statistic was used to 

determine the significance of the random effect variable “reach” for all best models.  

Model validation 

To validate the reliability of the single season water temperature data and the accuracy of the 

occupancy model, I investigated two datasets (Government of Alberta Environment and Parks, 

2021; Rosenberg et al., 2010).  

The first data set was collected and provided by the Government of Alberta Department of 

Environment and Parks (AEP) and contains historic water temperature measurements from 1954-

2019 at 726 individual tributary reach sites throughout the NSR basin. Water temperature data 

from water quality monitoring stations located on the NSR mainstream and its tributaries were 

included in the analysis. Only summer (June-August) water temperature observations were 

retained in the data set and minimum, maximum, and mean NSR basin summer water temperatures 

were calculated. Mean historic NSR basin water temperatures were then compared to mean water 

temperature measurements of the study’s 37 sample reaches using a student’s two-sided t-test and 

box and whisker plots (R Core Team, 2021).   

The second dataset was provided by the Northwest Science and Information branch 

technical workshop report on invasive crayfish in the Lake Winnipeg River basin (Rosenberg et 

al., 2010). The data set includes both water temperature and F. virilis detection data at reaches 

(n=88) in tributaries of the Lake Winnipeg River basin. Lake Winnipeg River reach detection data 
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was denoted as presence (1) and absence (0) and plotted as a function of reach water temperature. 

This was then overlaid on the model-averaged prediction of occupancy as a function of water 

temperature for comparison and model validation (Figure 2.5).  

A work flow of all statistical analyses conducted during this study is available in the supplementary 

materials (Figure A2.1). 

Results 

A total of 239 F. virilis individuals were captured over the study period. F. virilis was positively 

detected in 14 of 43 reaches (mean=17 individuals per reach, range = 1-38) and no positive 

detections occurred west of the city of Edmonton, Alberta (Figure 2.1). Water temperature ranged 

from 9.4°C to 23.2°C with a mean water temperature of 17.4°C. The average flow velocity was 

0.18 ms-1 with maximum and minimum flow velocities of 1.42 ms-1 and 0 ms-1, respectively. 

Stream depth was an average of 42.6 cm deep (range = 3 - 107cm) and turbidity was 18.91 NTU 

on average (range = 0 - 174 NTU). There was a positive but insignificant correlation between 

temperature and turbidity (R2 = 0.290, p = 0.082), and there was a negative but insignificant 

correlation between temperature and rocky stream cover (R2 = 0.093, p = 0.584). No colinear or 

redundant relationships were identified.   

Physical complexity gradient 

A stable NMDS solution was reached after 20 random starts and had a stress value of 0.074 

indicating low stress and a good fit to the data with two predefined dimensions. A gradient that 

described high (dominated by rocky substrate and boulders), medium (dominated by woody debris 

and macrophyte cover), and low (dominated by sand/silt cover) complexity was represented by 

axis 1 of the NMDS ordination (Figure 2.3). Axis 2 was not chosen to represent the physical 

complexity gradient as five out six covariate vectors possessed larger x-axis components than y-

axis components and because % Rocky and Boulder vectors had very small y-axis components 

and would have not been well represented in the complexity gradient, had axis 2 been chosen. 

Positive loadings from the gradient (axis 1) were associated with high physical complexity, while 

negative loadings were associated with low physical complexity. The loadings from NMDS axis 

1 were synthesized into the dataset as a single covariate for in-stream physical complexity hereafter 

referred to as physical complexity.  Linear regressions of physical complexity with other covariates 

(water temperature, turbidity, flow velocity, and depth) resulted in weak and insignificant 
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relationships (R2 <0.5, p >0.05), indicating that the physical complexity covariate was independent 

from other covariates.  

Covariate modelling  

The Goodness of Fit test indicated a good fit of the global model (λ [temp + comp + flow + turb], 

p[depth + flow]) to the data (p = 0.20) and slight overdispersion (c-hat = 1.56). To account for the 

effect of overdispersion the square of the overdispersion correction factor was added to standard 

errors in each of the best models prior to 95% confidence interval calculation. 

Iteration of the global model resulted in two models that were strongly supported by the 

data and four models that were moderately supported by the data (Table 2.2). The detection 

intercept value for the best model was found to be 0.67. Using the principles of probability, the 

probability of detecting at least one crayfish is equal to one minus the probability of not detecting 

a single crayfish in each of the four traplines at a reach. If the failure to detect a crayfish in trapline 

one, two, three, and four are represented by A’, B’, C’, and D’, respectively, then the detection 

probability at each reach is P(reach) = 1 - [p(A’) x p(B’) x p(C’) x p(D’)]. The probability of failing 

to detect a crayfish in a trapline at a reach where crayfish are present is equal to 1 – p = 1 – 0.67 = 

0.33. Subbing the detection failure value into the reach detection probability equation: P(reach) = 

1 – (0.33)4 = 0.988 = 98.8%. 

The three best models lacked any detection covariates. Flow velocity and water depth 

appear as detection covariates in the fourth and sixth models, respectively. However, these 

estimates are not significant (0 ⊂ 95% CI).  

Water temperature was present as an occupancy covariate in all six best models (Table 

2.2). The parameter estimates for water temperature in all six best models and the global model 

was positively (λmax = 0.418, λmin = 0.345) and significantly related to occupancy (95% CI: 

[0.130, 0.621]) (Table 2.2). Physical complexity was present as a covariate only in the second-

best model (ΔQAICc = 1.35); however, the parameter estimate was insignificantly related to 

occupancy (λ = -2.666, 95% CI: [1.206, -6.538]). Turbidity and flow velocity were present in the 

third and fourth-best models, respectively (Table 2.2). Neither covariate estimate was significant 

in either of the models (0 ⊂ 95% CI).  
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Temperature standardized covariate modelling 

The Goodness of Fit test of the data subset of reaches with ≥ 18 C° and the same global model 

structure indicated poor fit (p < 0.05) and moderate overdispersion (c-hat = 2.25).  To account for 

overdispersion, the square of the overdispersion correction factor (c-hat) was again added to 

standard errors in each of the best models prior to 95% confidence interval calculation.  

Iteration of the global model resulted in two models that were strongly supported by the 

data (Table A2.1). The best model (QAICc = 33.95) did not include the water temperature 

covariate, indicating successful temperature standardization. Both best models lacked any 

detection covariates. Water temperature appeared as a positive (λ = 0.472) and significant 

occupancy covariate in the second model (95% CI: [0.0.56, 0.888]). No other covariate 

relationships were present, indicating that the strong effect of water temperature in the basin was 

not masking any other occupancy-covariate relationships (Table A2.1).  

Temperature prediction with model averaging 

Model averaging was performed on the full occupancy model only and not on the temperature 

standardized occupancy model. Model averaging of the water temperature occupancy parameter 

from the two best occupancy models (ΔQAICc <2) indicated that the probability of F. virilis 

occupancy of a stream reach is greater than 50% when mean summer water temperature is ≥ 18.7 

°C (Figure 2.4).  

Generalized linear mixed model  

Iteration of the global model resulted in two best models that were strongly supported by the data 

(Table 2.3). Both water temperature and physical complexity were included as covariates in both 

best models. The water temperature parameter estimate was positive and significantly related to 

F. virilis abundance while the physical complexity gradient was negative and significantly related 

to F. virilis abundance (temp 95% CI: [0.274, 1.178]; comp 95% CI: [-1.360, -16.223]) (Table 

2.3). Flow velocity was absent from the best model but present and positive in the second-best 

model; however, it was insignificantly related to F. virilis abundance (0 ⊂ 95% CI). Variance and 

standard deviation of the reach random effect variable were 6.016 and 2.453 in the best model and 

4.044 and 2.011 in the second-best model, respectively. The log-likelihood ratio test indicated that 

the random effect of reach was significant (p<<0.05) for both top GLMM models.   
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Model validation 

Mean historic NSR basin summer (June-August) water temperature was 16.2 °C (max = 22.3 °C, 

min = 5.7 °C) between the years of 1954 and 2019. The student’s two-sided t-test of difference of 

means between historic NSR basin water temperatures and water temperatures of the 37 reaches 

sampled in this study revealed that there was no significant difference between means (p = 0.89). 

Visual inspection of the box and whisker plot also indicated no significant difference in medians, 

maximums, or minimums (Figure A2.2).  

Water temperature among the 88 reaches sampled in the Lake Winnipeg River basin 

crayfish-water temperature dataset had a mean of 22.2 °C and a maximum and minimum water 

temperature of 18.2 C° and 24.4 C°, respectively. F. virilis was positively detected in 92% (81 of 

88) of reaches whereas only 8% (7 of 88) of reaches were absent of F. virilis (Figure 2.5).  

Discussion  

Detection probability of F. virilis was high across sample reaches, and there were no significant 

relationships between probability and detection covariates present in any of the best models.  In 

particular, the detection intercept value of the best model (p = 0.67) indicates that there is a 67% 

probability of detecting a crayfish in each trapline given that crayfish are present at the sampling 

reach (Table 2.2). Further, the probability of detecting at least one crayfish at a reach, given that 

crayfish are present, was found to be 98.8%. In addition to this high reach detection probability, 

the absence of significant relationships between detection covariates (flow velocity and depth) 

indicates that in this study, crayfish detection is only affected by random and/or unmeasured 

variables. Consequently, imperfect crayfish detection was accounted for and determined to be 

negligible.  

My analyses revealed that F. virilis occupancy is positively and significantly related to 

water temperature (Table 2.2). In contrast to expectations, neither flow velocity nor turbidity were 

significant drivers of F. virilis occupancy in the North Saskatchewan basin (Table 2.2). While 

both of these covariates have been shown in previous studies to affect the survival, growth, and/or 

reproduction of crayfish in the lab and in the field (Light, 2003; Longshaw & Stebbing, 2016; 

Maude & Williams, 1983; Rosewarne et al., 2014), the ranges in which these effects occur were 

not present in the study reaches. Maude & Williams demonstrated in their slip speed laboratory 

experiments that F. virilis individuals showed a mean slip speed of 0.3 ms-1 on Plexiglas surface 
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(1983). I initially hypothesized that flow velocity would be negatively correlated with crayfish 

occupancy; however, the mean flow velocity among study reaches was determined to be 0.18 ms-

1, which is nearly half that of the average slip speed for F. virilis found by Maude & Williams 

(1983). Therefore, the average flow velocities in the North Saskatchewan River basin were simply 

outside of the range in which they would preclude F. virilis from occupying and establishing a 

population at a given reach. This may explain the lack of a significant negative relationship of F. 

virilis occupancy and flow velocity.   

In the case of turbidity, I hypothesized that turbidity would be negatively correlated with 

occupancy as crayfish gills are susceptible to fouling by suspended solids as well as bacteria and 

parasites in the water column (Holdich, 2003; Bauer, 1998). Further, gill function of the white-

clawed crayfish and signal crayfish was found to be impaired at high suspended solids 

concentrations, specifically 133 mg l-1, which is equivalent to 399 NTU (Rosewarne et al., 2014). 

In comparison, mean and maximum turbidity within study reaches were 18.91 and 174 NTU, 

respectively. Thus, mean and maximum NSR turbidity are approximately 21 and 2.3 times lower 

than the concentration of suspended solids in which crayfish begin to experience the adverse 

effects of suspended solids gill fouling, which is likely why turbidity was not found to be a major 

driver of crayfish occupancy in this study.    

Water temperature alone was the most important driver of F. virilis occupancy at tributary 

reaches along the North Saskatchewan River basin. In all six best models, water temperature was 

found to be positively and significantly related to occupancy. The basin has a strong water 

temperature gradient from west to east, with high altitude cold-water streams originating in the 

Rocky Mountains and low altitude warm-water streams originating in the prairies. As 

poikilotherms, crayfish cannot regulate their own body temperature and rely on the external water 

temperature to meet their physiological and biochemical requirements. In general, crayfish prefer 

and require warmer water temperatures (Bowman, 2019; Longshaw & Stebbing, 2016; Momot, 

1967; Rogowski et al., 2013; Wetzel & Brown, 1993). F. virilis have demonstrated a preference 

for 22°C water temperature when exposed to a temperature gradient tank ranging between 18 and 

22°C (Bowman, 2019). Further, in a laboratory study conducted by Wetzel & Brown, 3rd instar F. 

virilis were exposed to water temperatures of 10, 15, 20, 25, and 30°C for 21 days during which 

their survival and growth were consistently monitored (1993). They found that the juvenile 
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crayfish group subject to 10°C demonstrated the lowest survival at 53% and experienced the most 

stunted growth in both body length and weight compared to warmer water exposed groups (Wetzel 

& Brown, 1993). Low instar survival at cold water temperatures may be what is driving the strong 

positive relationship of occupancy with water temperature, in that juvenile crayfish may suffer 

high mortality in westerly cold-water streams, preventing F. virilis population survival and growth 

(Table 2.2). In addition to the cold-water treatments, Wetzel & Brown found that 3rd instar survival 

and growth were maximized at 25 degrees °C (1993). This finding is also reflected in the model 

averaging results that indicate that the probability of F. virilis reach occupancy reaches 50% at 

water temperature 18.7°C and approaches 100% around 21°C (Figure 2.4). This strong 

relationship of occupancy to water temperature may explain the insignificant relationship of 

occupancy with physical complexity.   

Counter to my original hypothesis, physical complexity was also not significantly related 

to occupancy in all models (Table 2.2). This result is in contrast to previous studies that 

demonstrated the importance of physical complexity, specifically the positive effect of rocky 

substrate and in-stream boulders on crayfish growth, survival and reproduction (e.g. Olsson & 

Nyström, 2009; Simon & Cooper, 2014). I contend that this result is likely due to the inverse 

relationship between the geological and temperature gradients within the basin. As mentioned 

previously, the NSR is a glacier-fed basin that flows from the Rocky Mountains, through the 

foothills, and into the prairies of eastern Alberta. As such, the geological structure of headwater 

streams is predominantly composed of boulders, rocky substrate, and downed tree woody debris. 

Therefore, reaches located in headwater streams obtained a high physical complexity gradient in 

the NMDS ordination (Figure 2.3).  However, F. virilis cannot occupy these highly complex 

reaches due to the cold-water temperatures that exceed their thermal niche and temperature 

tolerance. In contrast, the geological structure of reaches located in downstream prairie tributaries 

is dominated by overhanging banks, some aquatic macrophyte cover and a much smaller 

proportion of rocky substrate, resulting in lower overall physical complexity value. However, these 

reaches also possess optimal water temperatures for F. virilis survival and growth (Bugnot & 

López Greco, 2009; Jin et al., 2019).  I therefore infer that rather than physical complexity being 

ecologically insignificant for F. virilis occupancy (which would contradict existing literature), it 

may be that the water temperature gradient of the basin is driving occupancy. Further, water 
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temperature may be such a strong driver of F. virilis occupancy in the basin, that it effectively 

masks the effect of instream physical complexity. 

The generalized linear model (GLMM) indicated that crayfish abundance had a similarly 

significant positive relationship with water temperature in both best models (Table 2.3). As 

discussed above, this is likely due to warmer water temperatures maximizing growth and 

reproduction, which allows F. virilis populations to occupy the reach and increase the number of 

individuals in the population. This is supported by studies which found that crayfish sperm 

production and embryonic development is optimized in water temperatures in the mid-twenty 

degrees Celsius range (Bugnot & López Greco, 2009; Jin et al., 2019) and that warmer water 

temperatures promote crayfish growth and decrease age of sexual maturity, thereby increasing egg 

production and abundance (Wetzel & Brown, 1993; Whitmore & Huryn, 1999).  Also similar to 

the occupancy model results, flow velocity is included as a covariate in the second-best model, but 

is insignificantly related to crayfish in-reach abundance (Table 2.3). In contrast to the occupancy 

model results, physical complexity was significantly and negatively related to crayfish abundance 

(Table 2.3). This is likely due to the same effect of the inverse temperature and physical 

complexity gradients described above, in that it is not that physical complexity has a detrimental 

effect on abundance. Rather, highly complex cold-water reaches that crayfish are unable to occupy 

may be driving the significant negative relationship between physical complexity and abundance 

that is seen in the model outputs, but is actually a product of the positive relationship between 

water temperature and crayfish abundance. Regarding random effects of the GLMM, significant 

results of the chi-square log-likelihood ratio test indicate that there is/are in-reach characteristics 

that explain a significant amount of the variance in crayfish abundance among reaches on top of 

the variance that is already explained by the fixed variables. Since I only collected measurements 

of the covariates relevant to the research objectives (local in-stream environmental characteristics), 

it is not surprising that other factors (environmental or anthropogenic) could impact F. virilis 

occupancy across the basin. Examples of covariates driving this inter-reach variance in abundance 

could include the reach water toxin concentration and/or proximity to high human population 

density centers. Heavy metals and other contaminants related to mining have been shown to 

bioaccumulate and cause mass crayfish die-off events (Svobodová et al., 2017), while reaches in 

close proximity to highly populated human cities may be highly degraded and as a result, populated 

with fewer predatory fish species allowing populations to expand quickly and without correction. 
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This phenomenon of invasive species being more successful in already anthropogenically 

degraded reaches is well documented in the literature (e.g. Kennard et al., 2005; Meador et al., 

2003). 

Understanding the local instream environmental characteristics that drive crayfish 

occupancy is essential for managing and preventing current and future F. virilis invasive 

populations. My results indicate that F. virilis can tolerate a wide range of instream physical 

complexity and that both turbidity and flow velocity ranges within the basin are within the 

tolerance limits of F. virilis. However, F. virilis’ water temperature requirements dictate that they 

may only occupy easterly warm-water streams as the cold-water streams of the headwaters exceed 

their thermal niche. Thus, rather than a suite of drivers, temperature appears to be the single local 

environmental variable driving crayfish occupancy in the basin.   

Cold-water streams may therefore have some natural protection against subsequent 

invasion (Kurylyk et al., 2015). A management implication of this study and the answer to the  

second research objective is that currently unoccupied NSR streams with mean summer water 

temperatures ≥18°C ought to be prioritized for F. virilis monitoring and introduction prevention. 

Occupied streams with the same mean summer water temperatures should instead be prioritized 

for targeted F. virilis invasive species management such as mass culls, trapping derbies, etc. The 

NSR basin is projected to be affected by climate change resulting in thermal regime shifts as well 

as changes in streamflow, discharge volume, snowpack and more (Carr et al., 2019; Kienzle et al., 

2012).  As climate change progresses, westerly located cold water streams in the basin could 

potentially warm to the point where crayfish can occupy them. Watershed managers should 

consider the effects of climate change and real-time water temperature measurements when 

selecting tributaries of priority for F. virilis management.  

These findings could also be extended to basins with similar temperature and geologic 

regimes as the NSR; For example, the model validation analysis indicated that 92% of reaches 

with water temperatures ≥18°C in the Lake Winnipeg River basin were occupied by F. virilis 

(Figure 2.5). In addition, similar occupancy susceptible water temperature thresholds (≥18°C) 

were found in other Alberta watersheds where crayfish were detected previously in 2011 

(Williams, Proctor, et al., 2011) including the Oldman and Bow River watersheds (D. Watkinson, 

personal communication). 
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A limitation of this study is that it was conducted during a single season and used spatial 

rather than temporal replicate crayfish surveys. Although analysis of historic basin water 

temperatures demonstrated that water temperatures collected during this study were a good 

representation of average summer basin temperatures (Figure A2.1), the data collected in this 

study provided a “snapshot” of F. virilis occupancy and environmental variables during the 

summer of 2020. Further studies should utilize temporal replicate surveys, which would result in 

both intra-season and inter-year temporal information that could provide insight into how F. virilis 

distributions change over time and in response to environmental differences over time (e.g. flood 

events, dry years, etc.).  

Conclusion 

This study demonstrated that water temperature is the primary local environmental characteristic 

that strongly affected F. virilis occupancy and abundance in the NSR basin. Other local 

environmental characteristics (flow velocity, turbidity, and physical complexity) do not have 

strong effects on F. virilis occupancy or abundance. However, some variance in crayfish 

abundance was explained by differences between reaches that were not investigated in this study. 

Model averaging indicated streams possessing water temperature 18.7 C° or warmer have a +50% 

probability of being or becoming occupied by invasive F. virilis. This threshold could also be 

extended to other basins in Alberta that are similar to the NSR basin. Detection of F. virilis was 

highly accurate over the sampling season, giving us confidence in these results. This study 

provides practical guidelines for the management of invasive F. virilis populations in the NSR 

basin and Alberta.   
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Tables & Figures 
 

Table 2.1 – Hypothesized relationships of covariates included in the global occupancy model with crayfish detection and/or occupancy 

and literary support for hypothesis. Symbols + and – indicate expected positive and negative relationships, respectively.  

 

 

 

Table 2.2 – Global and best occupancy models ranked by QAICc weights within ΔQAICc <3 and corresponding covariate relationship 

estimates. Flow velocity (flow), turbidity (turb), physical complexity (comp), and water temperature (temp) were predictor variables for 

the occupancy parameter (λ). Water depth (dep) and flow velocity (flow) were predictor variables for the detection probability parameter 

(p). Significant relationships appear in bold.  
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Table 2.3 – GLMM models ranked by AICc weights within ΔAICc < 2 and corresponding covariates relationshsip estimates. Flow 

velocity (flow), turbidity (turb), physical complexity (comp), and water temperature (temp) were fixed predictor variables (F), while 

reach code (reach) was the random (r) variable in the model. Significant relationships determined by confidence intervals appear in bold. 
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Figure 2.1- Tributary reaches where crayfish traplines were deployed throughout the North 

Saskatchewan River basin during June-August 2020. F. virilis presence and absence are 

represented by filled and open symbols, respectively. Type of symbol represents the reach’s cluster 

with triangle = cluster 1, circle = cluster 2, square = cluster 3, star = cluster 4, cross = cluster 5, 

and tilted cross = cluster 6. 
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Figure 2.2 – Field sampling methods for F. virilis reach occupancy modeling. (A) 200-300m 

tributary reaches are selected as sampling reaches within the study area (North Saskatchewan River 

basin). Four spatially replicated crayfish surveys (baited traplines – depicted in panel B) are 

conducted within each reach. Traplines are set 50m apart along the river’s edge, secured with a 

rebar stake, and left overnight. The following day, F. virilis presence/absence in each trapline is 

recorded as the reach detection history. 
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Figure 2.3 – Meta NMDS ordination of sample reaches based on five physical complexity 

variables. NMDS axis 1 represents the instream physical complexity gradient from reaches with 

high complexity (positive values) to those with low complexity (negative values). Reach identity 

and location within the ordination space are represented by unique reach codes and open circles, 

respectively. Vectors are defined as % Rocky = % rocky cover, Boulders = p/a in-stream boulders, 

OHB = p/a overhanging banks, Woody = p/a woody debris, % Macrophyte = % macrophyte cover. 

Dashed lines pass through the origin (0,0).  
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Figure 2.4 – Model averaged prediction of occupancy as a function of water temperature (C°) with 95% confidence intervals about 

occupancy (gray bands) and reference lines indicating 50% probability of occupancy estimate (dotted) and 18.7°C (dashed). 



28 

 

 

Figure 2.5 – Presence (1.00) and absence (0.00) of F.  virilis as a function of temperature (C°) in the Lake Winnipeg River Basin 

overlaid on model averaged prediction of occupancy as a function of water temperature for model validation. Lake Winnipeg River 

basin presence and absence data are represented by * (n=88). 
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Chapter 3: Stable isotope analysis indicates differential trophic niche 

occupation between invasive Northern crayfish (Faxonius virilis) and 

native fishes in the North Saskatchewan River Basin 
 

Introduction 

Nutritional resource use is an important aspect of a species’ ecological niche, which was described 

by Hutchinson (1957) as the multidimensional space within which a species can maintain a viable 

population based on environmental conditions and resource availability. The trophic niche is the 

space within the ecological niche that is explicitly based on the nutritional resources that are 

available and consumed by a particular species (Bearhop et al., 2004). In the absence of 

interspecific interactions such as predation and competition, the trophic niche is called the 

fundamental trophic niche and represents the potential extent of nutritional resource use by the 

species. Conversely, the realized trophic niche represents the actual nutritional resource use of 

species in the presence of interspecific interactions (Hutchinson, 1957). When the trophic niches 

of two species overlap significantly, competition for nutritional resources can result in either 

resource partitioning that causes a shift in trophic niche space and allows the species to co-exist or 

extirpation of the less competitive species (Tilman, 2020).  

Invasive species are those that are established in an area outside of their native range and 

whose presence results in negative ecological or economic impacts, including those on native 

species (Mack et al., 2000).  One way invasive species can negatively affect native species is by 

exploiting the same limited nutritional resources that native species rely upon (David et al., 2017). 

When the nutritional resource being shared is a limited one, the indirect effect of one species 

exploiting that resource to the detriment of the other is a form of indirect competition referred to 

as exploitative competition (Holomuzki et al., 2010; Tilman, 2020). 

Exploitative competition between native and invasive species can be assessed by 

evaluating their trophic niches, which can be estimated by determining and analyzing the stable 

isotope concentrations of carbon (13C) and nitrogen (15N) in animal tissues as these concentrations 

have a predictable relationship with diet (Bearhop et al., 2004; Fry, 2006).  Many studies have 

used stable isotopes as a tool to estimate the dietary habits of species and to estimate the position 

and size of core fundamental and realized trophic niches as well as the degree of overlap between 

species’ trophic niches (e.g. Baltensperger et al., 2015; Jackson & Britton, 2014; Olsson et al., 
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2009; Ponce et al., 2021). Stable isotopes have been useful in determining species’ trophic habits 

and interactions under natural conditions and those exposed to stressors such as climatic change 

and invasion events (Baltensperger et al., 2015; Botta et al., 2018; Zambrano et al., 2010).   

The negative impacts of invasive crayfish have been documented worldwide (Longshaw 

& Stebbing, 2016; Reynolds, 2011). A particularly robust invader species of crayfish is the 

Northern Crayfish (Faxonius virilis [Hagen, 1870]), which is capable of decimating macrophytes, 

changing invert assemblages, causing trophic cascades, and competing with fish outside of its 

native range (Fitzsimons et al., 2002; Hanson et al., 1990; Nyström et al., 1999; Rodríguez et al., 

2005; Savino & Miller, 1991). This invader was introduced to Alberta, Canada’s North 

Saskatchewan River (NSR) basin in the early 1990s and has since established populations in the 

central and eastern portions of the basin (Williams, 2012). Currently, the province of Alberta has 

declared F. virilis a species of invasive concern and regulations to control the species’ spread are 

in place (AEP, 2018). Throughout Alberta, F. virilis can be harvested legally without a license in 

any amount and all captured individuals must be killed prior to transport. Additionally, it is illegal 

for anglers to use crayfish as bait in the Province of Alberta as this is a significant vector of the 

species’ movement (AEP, 2018; Williams, 2012). Despite the concern regarding F. virilis, their 

potential detrimental effects on the native fishes of the NSR basin have yet to be assessed.  

Here stable isotope analyses were used to determine whether: (1) F. virilis is sharing and/or 

potentially competing exploitatively for the same nutritional resources consumed by native fishes 

in tributaries of the NSR, and (2) generating detrimental effects on the isotopic characteristics 

(proxies for resource use) and/or body condition of native species due to sympatry with F. virilis. 

To do this, I collected samples of F. virilis and six native fish species from ten tributary reaches 

within the NSR basin, five occupied by F. virilis and five not. I then used three metrics of stable 

isotope analysis to investigate the potential negative effects of F. virilis sympatry on native fishes. 

Standard ellipse area (SEA) is the isotopic niche width of a fish species and represents the core 

trophic niche space occupied by that species, while % ellipse overlap of SEA for two species 

indicates to what degree they are consuming the same nutritional resources (Baltensperger et al., 

2015; Jackson et al., 2011). Carbon range reflects the richness of nutritional resources consumed 

by a species with narrower carbon ranges indicating lower richness in nutritional resources (Fry, 

2006; Layman et al., 2007). I use these three isotopic metrics (SEA, % ellipse overlap, and carbon 

range) as well as fish body condition (Relative Weight) between F. virilis sympatric and allopatric 
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native fish populations to address the two research objectives (Jackson et al., 2011; Layman et al., 

2007; Ogle, 2018; Wege & Anderson, 1978). 

I hypothesized that omnivorous F. virilis consume significantly similar nutritional 

resources as native secondary consumer fish and that this would be demonstrated by significant 

(≥60%) overlap of the core fundamental and core realized SEA of F. virilis with native secondary 

consumer fish species. Crayfish have been shown to have wide isotopic trophic niches due to their 

omnivory which can increase pressure on grazing species that consume the same resources 

(Linzmaier et al., 2020). Pressure on native species can take the form of reduced access to 

resources, leading to lowered body condition (e.g. Light, 2005). Therefore, I also hypothesized 

that the realized trophic niche space (estimated by SEA), carbon ranges, and body condition of 

native secondary consumer fish species to be reduced when sympatric with F. virilis as a result of 

pressure from sharing and/or exploitative competition for nutritional resources.  
 

 

Methods 

Study area, reach selection & crayfish sampling  

I used F. virilis specimens obtained during collection of the dataset used previously to examine 

occupancy of F. virilis in the NSR basin. Methods pertaining to the study area, reach selection, 

and crayfish sampling can be found in chapter two (pg. 6). F. virilis relative abundance was 

estimated using catch per unit effort (CPUE) and calculated for each reach as the mean number of 

individuals captured in a single 24-hour overnight baited trapline survey and was reported in units 

of individuals per trapline (Zale et al., 2012)(Table A3.1).  

 

Fish & benthic macroinvertebrate sampling  

Fish were extensively sampled at ten reaches where F. virilis were also sampled during June-

August 2020 (Figure 3.1). Three reaches (WMD2, BMD2, and BMD3) are located in the highly 

developed and populated urban core of Edmonton, Alberta, while the other seven reaches (COW1, 

BAP2, ROS2, POP1, BEA1, SMO1, and VER4) are located in less developed and lower populated 

rural and/or natural areas. Each 300m reach was subdivided into six 50m transects within which 

fish were sampled via backpack electrofishing in a sweeping systematic pattern.  All fish captured 

were identified to species, measured, enumerated, and released back into the river from which they 

were caught, with the exception of individuals of target fish species. Target native fish species 
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included invertivore/herbivore secondary consumers; Longnose Dace (Rhinichthys cataractae 

[Valenciennes, 1842]), Lake Chub (Couesius plumbeus [Agassiz, 1850]) and Trout Perch 

(Percopsis omiscomaycus [Walbaum, 1792]); native detritivorous consumers Longnose Sucker 

(Catostomus Catostomus [Forster, 1773]) and White Sucker (Catostomus commersonii [Lacepede, 

1803)]); and one native piscivorous species: Burbot (Lota lota [Linnaeus, 1758]). Individuals of 

target fish species were humanely euthanized via single-blow blunt force trauma followed by 

pithing to ensure death (Research License 20-3812 RL). Mechanical euthanasia was conducted 

instead of a chemical euthanasia overdose of MS-222 because MS-222 is a carcinogenic agent 

capable of harming the natural environment in which sampling was conducted and because tissues 

exposed to chemical agents of euthanasia have been shown to alter δ13C and δ15N stable isotope 

values (Nahon et al., 2017). As stable isotope analysis is the primary method of investigation for 

this study, mechanical euthanasia was used to prevent isotope alteration. Whole specimens were 

promptly transported to the University of Alberta and frozen at -20 °C prior to sample processing 

and analysis. All fish sampling and euthanasia was conducted in accordance with the University 

of Alberta, CCAC animal handling and ethics regulations (AUP No.: AUP00003578), and under 

a valid Research License issued by the Government of Alberta (RL# 20-3812). 

Benthic macroinvertebrates were collected for isotopic baseline calculation. At all ten 

reaches, benthic macroinvertebrate communities were sampled using a single zig-zag pattern kick 

net. Each kick net was conducted in a sweeping fashion over erosional zones (riffles and runs) and 

standardized to three-minute sampling effort.  All collected material was placed into enamel pans 

where invertebrates were visually separated from stream bed substrate using forceps and wash 

water bottles on site. All samples were preserved in 70% ethanol filled 500ml Nalgene bottles 

(Hobson et al., 1997) and transported back to the University of Alberta. Benthic invertebrate 

samples were identified and enumerated to the family or genus when further identification was 

possible and necessary to resolve functional trait discrepancies. All identification of aquatic insect 

taxa and their functional feeding traits were determined following the work of Merritt et al. (2019). 

Microscopy was performed using an Olympus SZ61 Dissecting Microscopes and a Zeiss Primo 

Star 1 Optical Microscope. Sorted samples were separated by family and preserved in 70% ethanol 

prior to stable isotope analysis (Hobson et al., 1997).  
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Laboratory specimen & sample processing 

Dissections were conducted for each fish specimen during which the weight (g), fork length (mm), 

total length (mm), sex (m/f), gonad weight (g), and liver weight (g) were measured. Subsequently, 

samples of caudal fin, pectoral fin, gonad, liver, and dorsal muscle tissues (two replicates per tissue 

type) were collected from each specimen. Ventral and fillet tissue samples were also collected 

from all specimens of sufficient size. Finally, the stomach contents of L. lota specimens were 

inspected for evidence of F. virilis consumption. Complete dissections were also conducted on a 

total of 69 crayfish specimens. The weight (g), carapace length (mm), total length (mm), and sex 

(m/f) of each individual was measured and recorded. Two replicated samples of gill, 

hepatopancreas, claw, and abdominal (tail) muscle tissue were collected. All tissue samples were 

preserved at -20 °C prior to stable isotope analysis.  

Fish dorsal muscle tissue samples and crayfish abdominal muscle tissue samples were 

freeze dried at -55°C and 0.015 Barr for 24 hours in a LABCONO® FreeZone 1 Liter Benchtop 

Freeze Dry System (Labconco, 2021) to constant weight. Benthic invertebrate samples (separated 

by taxonomic family) were dried whole to constant weight at 60°C for 24 hours in a Precision® 

Compact Gravity Convection Oven (Thermo Scientific, 2009). Once dried, each sample was 

ground into a fine, homogenous powder and weighed into a six by eight mm tin capsule to 0.4000-

0.4999 mg using the UMX2 Ultra-microbalance (Mettler Toledo, 2004). Tins were then sealed for 

carbon and nitrogen stable isotopic analysis. Samples were analyzed by continuous flow isotope 

ratio mass spectrometry using the Thermo Delta V Advantage Isotope Ratio Mass Spectrometer 

(IRMS). Within the instrument, each sample was flash combusted and converted to CO2 and N2 

gases. These gases were separated using chromatography and the intensities of heavier isotopes 

(13C & 15N) were quantified and compared against international reference scales of vPDB and Air, 

respectively. Final isotopic values were reported in standard delta (δ13C vPDB and δ15N VAir) 

notation for analysis.  

 

Data cleaning & inspection  

Prior to analysis, raw isotope data were inspected for carbonate contamination using multiple 

linear regression analysis to compare δ13C and percent carbon of samples of each reach (Hayden, 

2021; Jardine et al., 2003). Slope values indicating a positive trend of ≥0.5 δ13C‰ (five times that 

of the instrument’s precision for δ13C content detection [Kracht, 2011]) would indicate carbonate 
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contamination. No carbonate contamination was detected. Next, the presence of carbon depletion 

caused by lipid richness was investigated by calculating the ratio of δ13C:δ15N of all samples by 

dividing the total carbon (TC) of each sample by the total nitrogen (TN) of each sample (δ13C:δ15N 

= TC/TN). Samples with δ13C:δ15N ratios > 4 were considered lipid rich and in need of correction 

(Hayden, 2021). No lipid richness was detected and no corrections were conducted. Finally, C. 

commersonii and C. catostomus samples where combined into a single group called Catostomus 

spp. because the sample size of C. catostomus (n=6) was insufficient for subsequent SIA analysis. 

This combination was based on the two species sharing a very close taxonomic lineage (same 

genus) and similar life history, morphology, and diet (Scott & Crossman, 1973). 

 

Baseline selection and calculation 

To account for spatial isotopic variability among reaches and to compare stable isotope metrics 

between reaches, primary consumer benthic macroinvertebrate samples from each reach were used 

to calculate isotopic baselines. Primary consumer benthic invertebrates were used for baseline 

source estimates rather than long-lived primary consumers such as clams and snails because these 

long-lived organisms were unavailable. However, benthic invertebrates have been demonstrated 

as good indicators of baseline δ13C and δ15N values in previous studies (Anderson & Cabana, 2007; 

Busst & Britton, 2017; Jackson & Britton, 2014; Svanbäck, 2015).  Baseline δ15N values were 

calculated following the suggestions of Anderson & Cabana (2007) to convert raw δ15N and δ13C 

values into trophic position (TP) and corrected δ13C (δ13CCorr), respectively.  Pairwise t-tests were 

conducted on macroinvertebrate functional feeding group’s mean δ15N values to determine which 

functional feeding group was the most nitrogen depleted over all ten reaches. There were no 

significant differences between the mean δ15N values of functional feeding groups but collectors 

were the most depleted with the lowest mean δ15N. Similar pairwise t-tests were then conducted 

to compare collector taxonomic families’ mean δ15N values. The family Elmidae was the most 

nitrogen depleted and present in 60% of sampled reaches. Therefore, Elmidae mean δ15N value 

was used to calculate TP and δ13CCorr in reaches where it occurred. In reaches where Elmidae did 

not occur, the collector taxonomic family with the lowest δ15N value present in that reach was 

corrected to that of Elmidae. Correction was made by calculating the difference in mean δ15N 

values between Elmidae and the reach’s most nitrogen depleted family and subtracting this 

difference from the replacement family’s mean δ15N value (Anderson & Cabana, 2007). For 
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example, in reach WMD2, Elmidae were not present and the most nitrogen depleted family found 

at that reach was Simuliidae. The difference in mean δ15N between Elmidae and Simuliidae was 

4.5‰. Therefore, 4.5‰ was subtracted from the mean δ15N value of Simuliidae and then used as 

the baseline value for reach WMD2.  

 

Trophic position and corrected δ 13C  calculation 

Trophic position was calculated for each consumer’s muscle tissue sample using the previously 

calculated reach-specific baseline δ15N values, and then these baseline values were substituted into 

the single source trophic position model described by Post (2002): 

TPcon = λ + (δ15Ncon - δ
15Nbase)/Δn 

Where TPcon is the trophic position of the consumer, λ is the trophic position of baseline organisms 

(λ = 2 for herbivorous benthic invertebrates), δ15Ncon is the raw isotopic nitrogen value of the 

consumer, δ15Nbase is the calculated baseline δ15N value, and Δn is the trophic enrichment factor 

equal to 3.4‰ (SD = 1‰) which is accepted as the widely applicable fractionation value 

determined by Post and has been accepted and used widely as the fixed nitrogen trophic enrichment 

factor (Dionne et al., 2016; McCutchan et al., 2003; Post, 2002; Zanden & Rasmussen, 2001).  

   

I corrected δ13C consumer values in each reach based on the same benthic invertebrate baseline 

sources as was used for calculation of trophic position using the equation described by Olsson et 

al. (2009).  

δ13Ccorr = (δ13Ccon – δ13Cµbaseline)/CRbaseline 

Where δ13Ccorr is the basal isotopic corrected δ13C value of the consumer, δ13Ccon is the raw δ13C 

value of the consumer, δ13Cµbaseline is the reach specific mean δ13C value of the reach’s baseline 

source, and CRbaseline is the range of the reach’s baseline source δ13C values. Trophic position and 

corrected δ13C values were used in all subsequent statistical analyses. Summary statistics of trophic 

position and δ13Ccorr are available by species (Table 3.1) and by reach (Table A3.1).  

 

Fundamental and realized niche interactions  

To determine the size and position of each species’ trophic niche, maximum likelihood fitted small 

sample size corrected standard ellipse area (SEAc) was calculated and used as a measure of each 

species core trophic niche width using the R SIBER package (Jackson & Parnell, 2020). SEAc 

represents approximately 40% of the spread of the data and is ideal for calculating the core trophic 
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niche of a species when working with small sample sizes (n < 30) (Jackson et al., 2011). To 

determine the fundamental core trophic niche of each species over the basin, samples were pooled 

by species across all reaches and the niche width of each species was calculated and plotted. By 

pooling individuals of the same species over all study reaches, differential resource availability 

and interspecific interactions such as competition and predation of the multiple reaches are not 

accounted for (Baltensperger et al., 2015). Therefore, the standard ellipse area of conspecific 

individuals that are pooled over all study reaches is representative of that species’ fundamental 

niche width. (Figure 3.2).  

In contrast, when the species’ standard ellipse areas of individual reaches are plotted 

separately they represent the core realized niche of the species present in that reach. This is because 

all individuals in a reach are subjected to the same kinds and magnitude of interspecific interactions 

and resource availability. Therefore, I plotted the standard ellipse areas within each reach to inspect 

the core realized niche widths of each species (Baltensperger et al., 2015)(Figure 3.3). Niche 

widths were reported in units of ‰2 area (Table 3.2).    

To detect if nutritional resources were being shared by native fish and F. virilis, the 

fundamental and realized niche widths were inspected for presence and degree of overlap between 

F. virilis and native fishes. The degree of overlap was calculated as a proportion using the R SIBER 

package (Jackson & Parnell, 2020). Proportional overlap values were then calculated as a 

proportion of the non-overlapping area of the two ellipses using the following equation:  

Poverlap = [Voverlap / (Vellipse2 + Vellipse1 – Voverlap)]/100 

Where Poverlap is the unitless proportion overlap of the two trophic niches’ being compared; Voverlap 

is the ‰2 area value of overlap of the two species’ trophic niches being compared; and Vellipse2 and 

Vellipse1 are the calculated trophic niche area of species 1 and species 2, respectively. The final 

proportional overlap was reported as a percentage between 0% and 100% with overlap of 0% 

indicating the ellipses are completely unique and overlap of 100% indicating perfect overlap. Any 

overlap of two isotopic niches that was >60% was taken as the potential to (fundamental niche 

overlap) or indication of actual (realized niche overlap) significantly similar nutritional resource 

consumption. The significant overlap threshold of 60% was first given by Schoener (1968) when 

comparing the diets of island lizard species and has since been applied as the threshold for 

significant isotopic niche overlap by multiple studies (e.g. Guzzo et al., 2013; Rosinski et al., 2020; 

Vaudo & Heithaus, 2011).  
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Impacts of F. virilis  sympatry on native secondary consumer fish species  

The following analyses were conducted on three native secondary consumer fish species (NSCFS) 

(R. cataractae, C. plumbeus, and Catostomus spp.) only. P. omiscomaycus and L. lota were 

excluded from the following analyses due to insufficient total sample size (nP. omiscomaycus = 3, nL. 

lota = 11).  

To detect potential trophic impacts of F. virilis sympatry on NSCFS, I calculated the 

Bayesian estimate of realized standard ellipse area (SEAB) using the R SIBER Package (Jackson 

& Parnell, 2020). A null prior distribution was used to estimate the SEAB niche widths with 95% 

probability intervals for each NSCFS population over 20,000 iterative runs of the Bayesian 

bivariate distribution model. I then compared the SEAB niche widths of populations that were 

sympatric with F. virilis and those that were not. SEAB niche widths were considered significantly 

different from each other when the 95% probability intervals around the means being compared 

did not overlap (Jackson et al., 2011; Pettitt-Wade et al., 2015) (Figure 3.4 & Table 3.3).  

In addition to differences in SEAB niche widths, the δ13CCorr carbon range of NSCFS were 

calculated and compared between F. virilis sympatric populations and allopatric populations to 

determine if the richness of consumed nutritional resources was reduced when sympatric with F. 

virilis. Carbon range was calculated as the difference between the greatest individual δ13CCorr value 

and smallest δ13CCorr value and was expressed in units of Δ‰ (Figure 3.5).  

In order to determine if F. virilis sympatry and/or trophic niche overlap may have caused 

detrimental effects on the body condition of NSCFS, the relative weight (Wr) fish condition metric 

was calculated as described by Wege & Anderson (1978). Wr was calculated using the R FSA 

Package (Ogle, 2019), using equations derived by Bister et al. (2000) and Giannetto et al. (2011 

& 2012). The standard weight intercept and slope values for riffle daces (genus: Rhinichthys) and 

brook chub were used to calculate the relative weights of R. cataractae and C. plumbeus, 

respectively. The relative weight intercept and slope values of brook chub were used because the 

relative weight equation for C. plumbeus does not yet exist and brook chub and lake chub share 

similar life history, taxonomy, and morphology (Giannetto et al., 2012). The relative weight 

intercept and slope values of C. commersonii were used to calculate relative weights of Catostomus 

spp.. Relative weight is expressed as a percentage of the previously determined standard weight 

for individual of that species and fork length (Ogle, 2018). For example, a relative weight of 100 

indicates that the individual is the exact expected weight for a typical individual of its size and 
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species from a reference population. Relative weights of <100 or >100 indicate that the individual 

is under or overweight for an individual of its size and species, respectively (Ogle, 2018; Wege & 

Anderson, 1978).  Mean relative weight and standard deviation of each NSCFS in F. virilis 

occupied and unoccupied reaches were calculated and the two-sided t-test was used to determine 

if there were significant differences between the mean relative weight of each species dependent 

on the natural treatment of F. virilis occupancy (i.e F. virilis occupied reaches vs. unoccupied 

reaches) (R Core Team, 2021). The two-sided t-test has been shown to be sufficiently accurate 

when used to determine significant difference in means with sample sizes n ≥ 5 (de Winter, 2013). 

Relative weight distributions of each species for each natural treatment were plotted using violin 

plots (Figure 3.6). 
 

Results  

A total of 69 crayfish were captured from five of ten reaches (Figure 3.1). Among the five reaches 

where F. virilis were detected, maximum and minimum relative abundances were 9.50 

indv/trapline at reach WMD2 and 3.25 indv/trapline at reach BEA1, respectively (Table A3.1). A 

total of 35, 38, 11, 3, and 67 individuals of Catostomus spp., C. plumbeus, L. lota, P. 

omiscomaycus, and R. cataractae were sampled across the ten sample reaches, respectively (Table 

3.1). Dissection and stomach content analysis of L. lota revealed that two out of four individuals 

found in sympatry with F. virilis had evidence of F. virilis consumption, with one individual’s 

stomach containing a single F. virilis juvenile and the other containing six (Figure A3.1).  

Across all reaches, mean fish stable isotope values ranged from -31.58 to -27.78‰ for δ13C 

and 8.41 to 11.39‰ for δ15N while F. virilis had means of -28.01‰ for δ13C and 10.40‰ for δ15N 

(Table 3.1). After baseline correction, mean δ13Ccorr values ranged from -0.21 to 0.14‰ in fish and 

was <0.01‰ in F. virilis. Trophic position ranged from 3.84 to 4.44 in fish with P. omiscomaycus 

having the lowest mean trophic position and C. plumbeus having the highest mean trophic position 

of fish species (Table 3.1). F. virilis had the lowest mean trophic position overall, lower than the 

trophic positions of all fish species sampled (mean TP = 3.60) (Table 3.1).   

 

Fundamental niche interactions 

L. lota possessed the smallest core fundamental niche (SEAc) width of all fish species with 

an area of 0.132‰2 (Table 3.2).  The largest core fundamental niche width of all fish species 

belonged to R. cataractae with an area of 0.665‰2 (Table 3.2). The core fundamental niche width 
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of F. virilis was found to be 0.417‰2, falling between R. cataractae and Catostomus spp. with the 

second largest core fundamental niche width over all species (Table 3.2).  F. virilis’ core 

fundamental niche occupied the lowest trophic position but had among the largest δ13Ccorr 

components of all species which was reflective of the species omnivory (Figure 3.2). The core 

fundamental niche of F. virilis was found to be overlapping with three out of five native fish 

species: P. omiscomaycus, Catostomus spp., and R. cataractae (Figure 3.2). Two of these were 

moderate overlaps with the core fundamental niche of P. omiscomaycus overlapping 13.8% with 

that of F. virilis and the core fundamental niche of Catostomus spp. overlapping 23.3% with that 

of F. virilis (Figure 3.2 & Table 3.2). The core fundamental niche of R. cataractae overlapped 

more substantially with that of F. virilis with an overlap value of 40.2% (Figure 3.2 & Table 3.2).  

In contrast with my predictions, all core fundamental niche overlapping events were <60%. 

 

Realized niche interactions 

Core realized niches (SEAC) were plotted for each species in the five reaches where crayfish were 

present. Unexpectedly, core realized niches were mostly segregated in isotopic space (Figure 3.3 

& Table 3.2). Out of a total of seven potential overlap events with native fish species, the core 

realized niches of F. virilis overlapped with those of native fish only twice (Figure 3.3C & E). 

These overlaps occurred in reach BMD2 with a minor overlap of <0.1% with Catostomus spp. and 

in reach WMD2 with a minor overlap of 11.3% with L. lota (Table 3.2). Additionally, core realized 

niche overlap appears to be independent of F. virilis abundance as overlap with native fishes 

occurred in reaches BMD3 and WMD2 which had the first and third highest relative F. virilis 

abundances, but did not occur in VER4 which had the second highest relative abundance (Table 

A3.1).      

 

Impacts of F. virilis sympatry on native secondary consumer fish species  

Against expectations, the mean Bayesian estimated core realized niche width area (SEAB) of R. 

cataractae and Catostomus spp. in F. virilis sympatric reaches were found to be statistically similar 

(95% probability intervals overlapping) to those of their conspecifics in F. virilis allopatric reaches 

(Figure 3.4A & C; Table 3.3). Additionally, the core realized niche of C. plumbeus that were in 

sympatry with F. virilis (reach WMD2) had a significantly larger core realized niche width than 

conspecifics found in F. virilis absent reaches BAP2, ROS2, and SMO1 (Figure 3.4B & Table 
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3.3). This implied that F. virilis sympatry had a positive effect on the core realized niche of C. 

plumbeus; a result that is in opposition with the original hypothesis.  

Where I expected the carbon ranges of NSCFS sympatric populations to be narrowed 

compared to allopatric populations, the results were unexpected for one species and expected for 

two others. The carbon ranges of Catostomus spp. were similar in both F. virilis occupied and 

absent reaches. In contrast, carbon ranges of both R. cataractae and C. plumbeus were between -

0.3 and -0.51Δ‰ and -0.37Δ‰ smaller when sympatric with F. virilis, respectively (Figure 3.5). 

It is also important to note that the fish populations collected from the reaches located in the highly 

urbanized downtown core of Edmonton, Alberta consistently had the narrowest carbon ranges 

within each species comparison (Figure 3.5). 

Finally, the mean relative weighs of C. plumbeus, R. cataractae, and Catostomus spp. were 

79.56% (SD= 5.11%), 79.23% (SD= 9.66%), and 80.59% (SD= 7.35%), respectively. 

Surprisingly, there was also no significant difference in mean relative weight between NSCFS 

sympatric and allopatric of C. plumbeus (t-test p-value = 0.1772), R. cataractae (t-test p-value = 

0.8038), or Catostomus spp. (t-test p-value = 0.7582) (Figure 3.6). 
 

Discussion 

Fundamental and realized niche interactions  

The first research objective was to evaluate species’ core fundamental and core realized niche 

widths over ten reaches in the North Saskatchewan River basin to determine if there is evidence 

of nutritional resource sharing and/or potential exploitative competition between F. virilis and 

native fishes. Moderate core fundamental niche overlaps between F. virilis and three native fishes 

indicated that F. virilis have the potential to consume the same nutritional resources as native fish 

species (Figure 3.2; Table 3.2). I expected F. virilis to consume the same nutritional resources as 

native secondary consumer fish species and this was true for three of the four species evaluated. 

In particular, niche overlap at the basin scale seen between F. virilis and Catostomus spp., P. 

omiscomayus, and R.cataractea is consistent with diet studies which reveal that these three fish 

species, like crayfish, are known benthic feeders who readily consume benthic macroinvertebrates, 

macrophytes, and/or benthic detritus (Brazo et al., 1978; Scott & Crossman, 1973). In contrast, the 

lack of core fundamental niche overlap between F. virilis and C. plumbeus was unexpected, but 
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may be explained by the latter’s foraging in the water column while F. virilis are benthic feeders 

(Longshaw & Stebbing, 2016; Scott & Crossman, 1973).   

  In contrast with core fundamental niche analyses and the original hypothesis, within 

individual reaches the core realized niche of F. virilis was largely segregated from those of native 

fishes (Figure 3.3; Table 3.2). Lack of significant overlap of core realized niches indicated that 

while crayfish do consume the same resources as native fish at the basin scale, F. virilis and native 

fishes are not sharing a significant amount of nutritional resources when in sympatry. The lack of 

consumption of the same nutritional resources as shown in the realized niche analysis therefore 

suggests that F. virilis is not competing exploitatively for nutritional resources with this study’s 

native fish species. A possible explanation for this unexpected lack of realized trophic overlap, 

may be that F. virilis utilize plasticity in food resource selection to avoid exploitative competition 

for nutritional resources with sympatric native fishes R. cataractea and Catostomus spp..  

Omnivory and the ability of crayfish to exercise dietary plasticity is well documented in 

the literature (Dorn & Wojdak, 2004; Longshaw & Stebbing, 2016; Momot, 1995; Veselý et al., 

2020). While F. virilis show a preference for consuming animal tissues and eggs, they are able to 

successfully subsist on less preferred nutritional resources by readily consuming macrophytes, 

benthic macroinvertebrates, and detritus (Chambers et al., 1991; Dorn & Wojdak, 2004; Hanson 

et al., 1990; Love & Savino, 1993; Momot, 1995).  The ability of Faxonius genus crayfish to be 

highly plastic in their diet has been seen in response to environmental stimuli such as seasonal 

changes in nutritional resource availability (Tran & Manning, 2019; Veselý et al., 2020).  Tran & 

Manning's study demonstrated that during times of high animal tissue abundance (e.g. invertebrate 

emergence in the late spring), crayfish preferentially consumed animal tissue. However, during 

times of low animal tissue abundance, crayfish increased their consumption of diatoms and detritus 

significantly (Tran & Manning, 2019). Veselý et al. found similar patterns of dietary plasticity 

through time and among populations with different nutritional resources (Veselý et al., 2020). The 

utilization of dietary plasticity to avoid trophic overlap with native species has also been 

documented in studies specifically investigating crayfish invasion. In mesocosm experiments, the 

dietary plasticity of macroinvertebrate consumption was implicated as the mechanism that 

facilitated niche differentiation between native and non-native crayfishes (Jackson et al., 2014).  

In a study of invasive crayfish and fishes, crayfish seem to employ dietary plasticity to occupy a 

different trophic niche than sympatric fish species (Jackson & Britton, 2014).  Similarly to my 
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results, it was found that the core fundamental isotopic niches of invasive crayfish overlapped 

moderately with those of two sympatric cyprinid species while the core realized niches of crayfish 

and fish were largely segregated (Jackson & Britton, 2014). It was concluded that crayfish were 

utilizing dietary plasticity as a mechanism to select food resources and avoid trophic niche overlap 

with fish (Jackson & Britton, 2014). 

Overall, the results of the first objective do not support the original hypothesis. Rather, I 

contend that similarly to previous literature, the dietary plasticity of F. virilis may be allowing for 

the selection of nutritional resources to avoid exploitative competition with native fishes and 

occupy a slightly different trophic niche. 

 

Impacts of F. virilis  sympatry on native secondary consumer fish species  

The second objective was to evaluate the potential impact of F. virilis sympatry on both 

the isotopic characteristics and body condition of the three native secondary consumer fish species 

(NSCFS). I expected the realized SEAB trophic niches and body condition of sympatric NSCFS 

populations to be significantly reduced due to interspecific exploitative competition for limited 

nutritional resources. My results indicate the exact opposite trend, but are consistent with the 

segregation of F. virilis’ realized trophic niche from those of native fishes. In all but one case, the 

niche widths (SEAB) and body condition of sympatric NSCFS populations were statistically 

similar to conspecific allopatric populations (Figures 3.4 & 3.6; Table 3.3). I expected that 

sympatry with F. virilis would cause native fishes to be evicted from parts of their trophic niche 

by exploitative competition with F. virilis which would be represented by sympatric NSCFS 

populations having smaller trophic niches than conspecific allopatric populations. I further 

hypothesized that if the lost portion of the trophic niche included higher quality nutritional 

resources, it could result in reduced fish body condition in sympatric populations. However, the 

similarity of realized SEAB niche widths and body condition of F. virilis sympatric and allopatric 

native fish populations indicates that F. virilis have exerted no significant detrimental trophic 

effects on these fishes. This finding is consistent with the results of the first objective that indicated 

F. virilis and native fish are consuming different nutritional resources and not participating in 

exploitative competition when in sympatry.    

In line with my hypotheses, the carbon ranges of F. virilis sympatric R. cataractea and C. 

plumbeus populations were narrower than those of populations allopatric of F. virilis (Figure 3.5). 
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This indicates that the richness of nutritional sources consumed by these species is reduced for 

sympatric populations. However, given the rest of the balance of evidence for this study suggests 

a lack of exploitive competition between F. virilis and NSCRS, this effect may be the result of 

reach-specific differences in the number of nutritional resources available, rather than F. virilis 

sympatry. In particular, the reaches in which carbon ranges were narrowed were WMD2 and 

BMD3 which are both located in the downtown core of Edmonton, Alberta. It is well documented 

that riparian areas located in high levels of urbanization, in general, suffer reduced biodiversity 

compared to those located in less developed rural and natural areas (e.g. McKinney, 2002; 

Pennington et al., 2010).  As such, I contend that rather than a product of F. virilis sympatry, the 

reduced biodiversity in primary producers in these highly urbanized reaches is the cause of the 

reduced carbon ranges seen in these populations.  

In summary, this study suggests that F. virilis do not negatively affect the isotopic 

characteristics or body condition of native fishes in this region. Lack of apparent impacts on fishes 

coupled with little evidence of nutritional resource sharing further supports the notion that F. virilis 

may be utilizing dietary plasticity to exploit a slightly different trophic niche than those occupied 

by native fishes and in doing so, avoid exploitative competition for nutritional resources.  

 

Implications 

The ability of F. virilis to utilize dietary plasticity to occupy a trophic niche that is 

unoccupied by native species could facilitate the species’ establishment in currently unoccupied 

areas of the basin. This study indicates that F. virilis are not competing with the native fishes R. 

cataractea, C. plumbeus, or Catostomus spp.. However, these species are generalist, common, and 

generally robust (Scott & Crossman, 1973). Currently unoccupied reaches/streams with slightly 

different species assemblages containing rare, specialist, and/or sensitive fish species may be 

vulnerable to F. virilis in different ways. If introduced, F. virilis could exert a host of negative 

effects on sensitive species by way of indirect and/or direct competition, predation, habitat 

modification etc.  Further, of all the provinces, excluding the Maritimes and Territories, Alberta is 

the most fish species poor (Scott & Crossman, 1973). This is due to dispersion barriers for routes 

from glacial refugia after the last (Late Wisconsian) glaciation (Nelson & Paetz, 1992).  As biotic 

resistance to invasion is positively correlated with biodiversity (Elton, 2020), species poor NSR 

tributaries may be especially vulnerable to new invasions by F. virilis. However, the relationship 
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between biodiversity and biotic resistance is highly nuanced depending on the invasive species, 

native community, and abiotic factors and cannot be assumed as strictly positive in all cases 

(Levine & D’Antonio, 1999; Lockwood et al., 2013).  To prevent further movement and potential 

impacts of F. virilis in native fish, watershed managers should continue to implement and practice 

measures preventing further expansion of F. virilis within the NSR basin and other Alberta 

watersheds. 

 

Future directions 

This study evaluated the trophic effects of F. virilis on three common and generally robust 

native species (Scott & Crossman, 1973). While little evidence was found that F. virilis is 

competing exploitatively with these native fishes for nutritional resources, this study does not 

exclude the possibility that F. virilis may be competing exploitatively for resources with other 

NSR basin fish species. Further investigation should be made into the trophic effects of F. virilis 

on native rare and sensitive fish species as they could be more vulnerable to F. virilis presence 

than the species studied here. For example, crayfish have been shown to compete exploitatively 

with benthic carnivorous fish species for spatial resources (Longshaw & Stebbing, 2016; 

Reynolds, 2011). Furthermore, crayfish have been shown to force juvenile L. lota to leave 

preferred shelter habitats which can make juveniles more vulnerable to predators (Hirsch & 

Fischer, 2008), while sculpins are displaced form shelters and spend increased time fleeing in the 

presence of crayfish which resulted in reduced growth rates and lowered body condition (Light, 

2005).  

My results also do not rule out the possibility that F. virilis exert direct negative effects on 

native fish by way of predation. For example, instream experiments have shown that crayfish 

actively prey upon adult benthic darter species (Thomas & Taylor, 2013) as well as the eggs and 

fry of threatened fish species (e.g. Fitzsimons et al., 2002; Savino & Miller, 1991).  Considering 

predation in the other direction, stomach content analysis revealed that F. virilis are being preyed 

upon and consumed by at least one piscivorous fish species in the NSR basin, L. lota (Figure 

A3.1). L. lota have been documented to prey upon crayfish as a natural prey item in their native 

range (Jacobs et al., 2010). However, crayfish have been shown to compound issues of 

bioaccumulation in piscivorous species (Prestie et al., 2019).   
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Lastly, the impacts of F. virilis in the NSR basin may not be limited to fishes. F. virilis 

have been known to change the species assemblages of benthic macroinvertebrates drastically, 

decimate native snail and clam biomass, and cause trophic cascades (e.g. Hanson et al., 1990; 

Nyström et al., 1999; Rodríguez et al., 2005). Future studies would do well to investigate F. virilis’ 

behavioral interactions with juvenile piscivorous fish; if NSR basin sculpin species are being 

preyed upon by F. virilis; the mercury concentrations of F. virilis and their contribution to 

bioaccumulation in benthic predatory fish such as L. lota; and/or the potential effects of F. virilis 

on benthic invertebrate communities using stable isotope mixing models and diversity indices. 
 

Conclusion 

Moderate overlap of F. virilis’ core fundamental niche with those of native fishes indicated that F. 

virilis have the potential to consume the same resources as and/or compete with native fishes. 

However, segregation of core realized niches showed a lack of resource sharing or exploitative 

competition within communities of the NSR basin. My results indicate that rather than participate 

in exploitative competition, F. virilis may be utilizing dietary plasticity to exploit a slightly 

different trophic niche than those occupied by native fishes and in doing so, avoid exploitative 

competition for nutritional resources. While F. virilis were not found to negatively affect the 

common, generalist fish species in this study, dietary plasticity may facilitate the invasion of F. 

virilis in currently unoccupied tributaries. Watershed managers should therefore continue to 

prevent F. virilis introductions into currently unoccupied tributaries to prevent potential negative 

effects on sensitive native fish species. 
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Tables & Figures 

 

 

 

 

 

Table 3.1 – Means and standard deviations of raw δ13C and δ15N as well as means and standard deviations for baseline corrected δ13C 

(δ13Ccorr) and baseline calculated trophic position (TP) for each species, taken over all reaches.  The number of individuals of each 

species over all reaches (n) is provided. 
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Table 3.2 – Core isotopic niche widths (SEAc) of each species within in each reach (realized niche 

width), among reaches (fundamental niche width), and the % overlap of each fish species with F. 

virilis (if applicable). Letter in parentheses beside unique reach code indicates F. virilis occupancy 

of that reach: p = present, a = absent. Realized niche widths and fundamental niche widths (SEAc) 

correspond with the plotted niche width spaces in Figures 1 & 2, respectively.  Percent niche width 

overlap with F. virilis was calculated as the area of niche overlap as a proportion of the non-

overlapping areas of F. virilis’ and the fish species niche width area multiplied by 100. 
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Table 3.3 – SEAB means and 95% probability intervals by reach for each secondary consumer fish species. Superscript lowercase letters 

to the right of reach names indicate statistically significant differences between mean SEAB values where different letters indicate 

significant differences with 95% confidence and like letters indicating statistically similar mean SEAB values. 
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Figure 3.1 – Locations of ten study reaches in the North Saskatchewan River basin. Reaches 

absent of F. virilis are represented by empty white circles. Reaches occupied by F. virilis are 

represented by circles filled with a black solid circle. Unique reach identification codes are 

located near each reach’s location marker.
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Figure 3.2 – Corrected isotopic carbon (δ13Ccorr) and trophic position (TP) biplots showing each species’ core fundamental isotopic 

niche width. Isotopic niche widths are expressed in ‰2 and were calculated using small sample size corrected standard ellipse area 

(SEAc) which contains 1 SD around the mean or approximately 40% of the data for each species. Isotopic niches are labeled with the 

corresponding species’ shorthand name, ellipse color, and marker type. Black open circles = F. virilis; red crossed circles = L. lota; 

orange open diamonds = C. plumbeus; blue open triangles = R. cataractae; green open squares = Catostomus spp.; and gold hourglasses 

= P. omiscomaycus. Percentages above species names indicate the percent overlap of fish species’ isotopic niche with that of F. virilis. 

Plotting of core isotopic niches and % overlap calculations were done using the SIBER R package.
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Figure 3.3 – Corrected isotopic carbon (δ13Ccorr) and trophic position (TP) biplots showing the 

core realized isotopic niche width of each species within each reach where northern crayfish were 

found to be present. Panel letters indicate the specific reach as follows: (A) BEA1, (B), BMD2, 

(C) BMD3, (D) VER4, and (E) WMD2. Isotopic niche widths are expressed in ‰2 and were 

calculated using small sample size corrected standard ellipse area (SEAc) which contains 1 SD 

around the mean or approximately 40% of the data for each species. Isotopic niches are labeled 

with the corresponding species’ shorthand name, ellipse color, and marker type. Black open circles 

= F. virilis; red crossed circles = L. lota; orange open diamonds = C. plumbeus; blue open triangles 

= R. cataractae; and green open squares = Catostomus spp.. Percentages above species names 

indicate the percent overlap of fish species’ isotopic niche with that of F. virilis. Lack of a 

percentage above a fish species name indicates a lack of trophic niche overlap with F. virilis. 

Plotting of core isotopic niches and % overlap calculations were done using the SIBER R package. 
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Figure 3.4 – Density plots of realized isotopic niche widths (SEAB ‰2) of the three secondary 

consumer fish species ((A) C. plumbeus [n=35], (B) R. cataractae [n=65], and (C) Catostomus 

spp. [n=33]) compared where F. virilis are present vs. absent. Black dots represent the 

bootstrapped mean SEAB areas. Blue crosses represent the small sample size corrected standard 

ellipse area (SEAc). Boxes around means indicate the 95%, 75%, and 50% probability intervals of 

the SEAB area. Lower case letters indicate significant differences between mean SEAB values 

where different letters indicate significant differences with 95% confidence and like letters indicate 

statistically similar mean SEAB values. Unique reach codes appear below their respective bar.
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Figure 3.5 – Range plot comparing reach specific δ13Ccorr ranges (Δ‰) which are reflective of dietary source richness of the three 

secondary consumer fish species (R. cataractae, C. plumbeus, and Catostomus spp.) compared between where F. virilis are present 

(grey bars) vs. absent (white bars). Unique reach codes appear on the y-axis for each respective bar. The * symbol to the right of a 

carbon range bar indicates that that reach is located in the highly urbanized core of Edmonton, Alberta. 
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Figure 3.6 – Violin plots comparing mean body condition (as described by the relative weight condition metric [Wr] and reported in %) 

of R. cataractae (n = 43), Catostomus spp. (n = 9), and C. plumbeus (n = 13) over all reaches in which crayfish are present against all 

reaches where crayfish are absent. Significant difference between means is represented by an asterisk (*). 



55 

 

Chapter 4: General Conclusions 
 

The overarching goal of this thesis was to investigate the occupancy and impacts of F. virilis 

populations within the North Saskatchewan River basin. I hoped that my results would provide 

practical invasive species management advice as well as information on the trophic interactions 

and impacts of F. virilis on native fish in the basin’s tributaries. To do this, I first synthesized 

knowledge about the importance of freshwater biodiversity and the negative impacts that invasive 

species can have on freshwater fishes, especially invasive crayfish species like F. virilis (Chapter 

1). I then used occupancy modeling (Chapter 2) and stable isotope analysis (Chapter 3) to 

investigate aspects of F. virilis occupancy and effects on native fish species.  

I created an occupancy model to determine which local environmental characteristic(s) 

were most associated with F. virilis occupancy of NSR tributaries (Chapter 2). I hypothesized that 

a suite of local environmental characteristics, namely a combination of water temperature, flow 

velocity, turbidity, and stream edge physical complexity would be strong drivers of F. virilis 

occupancy. In contrast to my hypothesis, analyses indicated that F. virilis occupancy is driven 

positively and solely by water temperature in NSR basin tributaries. This result was consistent 

with previous findings, where crayfish prefer and are most reproductively successful at water 

temperatures in the mid-twenty Celsius degree range (Bowman, 2019; Bugnot & López Greco, 

2009; Jin et al., 2019; Oluoch, 1990; Parkyn et al., 2002; Whitmore & Huryn, 1999). In fact, 

occupancy was so strongly driven by water temperature that it appeared to mask the effect of 

instream physical complexity which was inversely related to water temperature along the basin’s 

gradient.  Model averaging of top occupancy models revealed that tributaries with mean summer 

water temperatures of 18°C have a 50% chance of being or becoming occupied by F. virilis and 

that the probability of occupancy approaches 100% when mean summer water temperatures is 

21°C. These results indicate that cold-water streams may possess some natural protection from F. 

virilis occupancy while warm water streams are more vulnerable to occupation. Based on these 

results I provided the suggestion to watershed managers that streams with mean summer water 

temperatures ≥18°C should be prioritized for prevention measures that decrease the chance of F. 

virilis introduction.  This suggestion can be extended to other river basins in Alberta that are similar 

to the NSR basin, however the effect of climate change on mean water temperatures should be 
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closely monitored and considered if prioritization of tributaries each year is based on this study’s 

findings.  

I addressed the overarching research goal concerning the trophic interactions between F. 

virilis and six common-generalist native fishes by inspecting the overlap of fundamental and 

realized isotopic niches (Chapter 3). I hypothesized that crayfish omnivory and generality would 

result in the isotopic niche of F. virilis to be large and for it to overlap significantly with secondary 

consumer fish species due to nutritional resource sharing. Analyses partially supported the 

hypothesis in fundamental niche space in that the isotopic niche of F. virilis was broad and 

overlapped moderately with those of native fish species. In realized niche space however, results 

showed segregation of the F. virilis isotopic niche from those of native fishes indicating that 

although capable, F. virilis are not sharing nutritional resources with native fishes. Chapter 3 also 

examined the differences in standard ellipse area, carbon range, and body condition between F. 

virilis sympatric and allopatric native fish populations resulting from trophic interactions.  I 

expected all three metrics to be lowered in F. virilis sympatric fish populations, however similar 

standard ellipse areas and body conditions were found between natural treatment groups. Carbon 

ranges were slightly narrowed in F. virilis sympatric populations, but this was likely a result of 

low nutritional resource richness at the reach level due to urbanization caused biodiversity loss 

rather than F. virilis sympatry. Taken together, the results of this chapter suggest that F. virilis 

may be utilizing dietary plasticity to avoid nutritional resource sharing and exploitative 

competition with these native fishes. This would be consistent with the crayfish’s known omnivory 

and ability to be plastic in its nutritional resource use in response to stressors such as seasonal 

variability and sympatry with other species (Dorn & Wojdak, 2004; Jackson & Britton, 2014, 

2014; Longshaw & Stebbing, 2016; Momot, 1967; Tran & Manning, 2019; Veselý et al., 2020). 

The ability of F. virilis to avoid resource sharing with native fishes could facilitate its establishment 

in currently unoccupied tributaries. Until further research is done to determine if and what other 

interactions/effects F. virilis has on other basin fish species, managers should continue to prevent 

further movement of the species in the NSR basin and in Alberta.  This study is the first to provide 

information about the trophic interactions between F. virilis and native fish species in the NSR 

basin and will be a platform for future studies to build upon.   
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 My findings successfully addressed the overall research goal which was to investigate the 

occupancy and impacts of F. virilis populations on native fishes of the North Saskatchewan River 

basin. Put simply, the occupancy of F. virilis in the NSR basin is driven solely by water 

temperature and F. virilis do not appear to share nutritional resources or to have exerted negative 

trophic impacts on the common-generalist native species that were studied. The information gained 

from this study is informative for future F. virilis management in Alberta as well as for future 

researchers as a spring board for further study.  
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Appendices 
 

 

 

 

 

Table A2.1 – Global and best occupancy models for water temperature standardized (≥18°C) dataset ranked by QAICc weights within 

ΔQAICc < 2 and corresponding covariates relationship estimates. Flow velocity (flow), turbidity (turb), physical complexity (comp), 

and water temperature (temp) were predictor variables for the occupancy parameter (λ). Water depth (dep) and flow velocity (flow) 

were predictor variables for the detection probability parameter (p). Significant relationships appear in bold.  



79 

 

 

 

 

 

 

 

 

Table A3.1 – Means and standard deviations for raw δ13C and δ15N muscle content as well as means and standard deviations for 

baseline corrected δ13C (δ13Ccorr) and baseline calculated trophic position (TP) for each species, within each reach sampled. Letter in 

parentheses beside unique reach code indicates F. virilis occupancy of that reach: p = present, a = absent. CPUE is the F. virilis catch 

per unit effort of each reach reported in mean number of individuals caught per single 24-hour overnight trapline survey. The number 

of individuals of each species within each reach (n) is provided. Species with n < 3 within each reach were excluded from realized 

niche width analyses with the exception of species of the genus Catostomus. If the sum of individuals of species of the genus 

Catostomus was n ≥ 3, these individuals were combined into a group called Catostomus spp.. This Catostomus spp. group was 

included in realized niche width analyses. All individuals, including those with n < 3 within each reach were retained and included in 

fundamental niche width analysis. 
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Figure A2.1 – Work flow of all statistical analyses conducted in this study. Individual boxes 

represent results section headings. Within each box, headings indicate the purpose of the 

analyses conducted while the italicized text in brackets list the statistical tools/analyses used to 

achieve the goal of each section. Boxes lined up vertically make up the analysis work flow that 

resulted in the study’s main findings. Boxes to either side contain analyses that were 

complimentary to the main results.  
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Figure A2.2 – Box and whisker plots comparing historic summer (June-August) water 

temperatures from 1954-2019 in the NSR basin (n=111) to the water temperatures sampled 

during this study in 2020 (n =37). No significant difference was found (p = n.s).
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Figure A3.1 – Dissection images of two L. lota stomach contents which consisted of juvenile F. virilis. Both L. lota specimens were 

captured from reach WMD2. Arrows and numbers indicate the location and number of juvenile F. virilis in each stomach. Panel A 

shows that only one single F virilis juvenile was found in the stomach contents. Panel B shows six individual juvenile F. virilis’ present 

in the L. lota stomach contents.   


