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Abstract

Worldwide invasion and range expansion of northern pike (pike; Esox lucius) have been 

linked to the decline of native fishes and new techniques are needed to assess the effects of 

invasion over broad geographic scales. In Alaska, pike are native north and west of the Alaska 

Mountain Range but were introduced into Southcentral Alaska in the 1950s and again in the 

1970s. To investigate the history of the invasion into Southcentral Alaska, I identified 7,889 

single nucleotide polymorphisms (SNPs) from three native and seven introduced populations in 

Alaska and examined genetic diversity, structure, and affinities of native and invasive pike. Pike 

exhibited low genetic variability in native populations (mean heterozygosity = 0.0360 and mean 

n = 0.000241) and further reductions in introduced populations (mean heterozygosity = 0.0227 

and mean n = 0.000131), which suggests a bottleneck following introduction. Population 

differentiation was high among some populations (global FST = 0.424; max FST = 0.668) when 

compared to other freshwater fishes. I identified five genetically distinct clusters of populations, 

consisting of three native groups, a single Susitna River basin invasive group, and a Kenai 

Peninsula group, with little evidence of admixture among groups. The extremely reduced genetic 

diversity observed in invasive northern pike populations does not appear to affect their invasion 

success as the species range Southcentral Alaska continues to expand. To assess the vulnerability 

of five species of Pacific salmon (Oncorhynchus spp.) to the invasion, I combined intrinsic 

potential habitat modeling, connectivity estimates, and Bayesian networks across 22,875km of 

stream reaches in the Matanuska-Susitna basin, Alaska, USA. Pink salmon were the most 

vulnerable species, with 15.2% (2,458 km) of their range identified as “highly” vulnerable. They 

were followed closely by chum salmon (14.8%) and coho salmon (14.7%). Finally, analysis of 

the intersection of vulnerable salmon habitats revealed 1,001 km of streams that were highly 
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vulnerable for all five Pacific salmon. This framework is easy to implement, adaptable to any 

species or region, and cost effective. With increasing threats of species introductions, fishery 

managers need new tools like those described here to efficiently identify critical areas shared by 

multiple species, where management actions can have the greatest impact.
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General Introduction

Biological invasions of non-native species are a leading cause of extinction (Clavero and 

Garciaberthou 2005), loss of native biodiversity (Moyle and Leidy 1992; Vitousek et al. 1996; 

Mooney and Cleland 2001) and erosion of genetic diversity worldwide (Ricciardi and Macisaac 

2010). A subset of introduced non-native species become invasive (sensu Davis et al. 2011) and 

result in environmental damages and economic impacts adding into the billions per year 

(Pimentel et al. 2005). Although the economic costs of invasions are relatively straightforward to 

calculate, the ecological impacts are difficult to quantify (Pejchar and Mooney 2009) as they 

often include indirect effects such as competition with invasive species, predation, and changes 

in genetic diversity (e.g., hybridization with native species). As such, strategies to guide 

conservation efforts for native species and management of non-native species must be assessed 

across broad geographic extents (Vander Zanden et al. 2004; Vander Zanden and Olden 2008; 

Olden et al. 2011).

Aquatic ecosystems, particularly freshwater, are much more at risk of and sensitive to the 

impacts of invasion (Moorhouse and Macdonald 2015). Vectors for freshwater species transport 

include unintentional paths such as ballast water releases (Rahel 2007) and intentional, often 

illegal, introductions by humans to boost recreational hunting or fishing opportunity (Johnson et 

al. 2009). Although stocking fish can benefit anglers through increased recreational fishing 

opportunities in an area, it can lead to detrimental consequences for native fauna including 

competition with or extirpation of native fishes (Moyle and Light 1996; Johnson et al. 2009). 

Illegal stocking has led to the rapid range expansion of numerous species and resulted in reduced 

diversity of freshwater fauna worldwide (Rahel 2002, 2007; Cambray 2003; Fausch and García- 

Berthou 2013). High propagule pressure, or the number and quantity of individuals introduced 
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during invasion has been proposed as a mechanism explaining the vulnerability of freshwater 

systems (Lockwood et al. 2005). Further, human reliance on freshwater systems for agriculture, 

hydropower, transportation, food, and recreation has led to the modification of river networks 

worldwide, and increased rates of disturbance, and propagule pressure to facilitate species range 

expansions (Vitousek et al. 1996; McKinney and Lockwood 1999).

Worldwide invasion and range expansion of the highly predatory northern pike (Esox 

lucius; hereafter ‘pike') have increased since the 1960s (McMahon and Bennett 1996; Johnson et 

al. 2009), with non-native populations established in 40 states in the United States (Fuller and 

Neilson 2015). In Alaska, pike are an ecologically and culturally important native fish species 

north and west of the Alaska Mountain Range, but do not naturally occur south of the range with 

the exception of what is thought to be a post-glacial relict population near Yakutat, Alaska 

(Morrow 1980). In the 1950s, a floatplane pilot reportedly introduced pike into the 60 000 km2 

Matanuska-Susitna basin by translocation from the native range (Minto Flats, near Fairbanks, 

AK) into Bulchitna Lake (Susitna, AK) (Dunker et al. 2018). Additional illegal stocking events 

occurred in the 1960s into Alexander Lake (Susitna, Alaska, USA) as well as in lakes on 

Alaska's Kenai Peninsula in the 1970s, resulting in further establishment of pike populations in 

Southcentral Alaska (Dunker et al. 2018). To date, a broad-scale assessment of introduced pike 

across Southcentral has not been implemented.

The use of genetics to understand invasions is not new but until recently genetic analyses 

of non-model organisms most commonly relied on descriptions of patterns of genetic diversity 

relying on a relatively small number of genetic markers (Rius et al. 2015). However, recent 

advances in DNA sequencing technology and ancillary molecular biology protocols have greatly 

reduced the costs of producing DNA sequence data. These novel approaches are increasingly 
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used in population genomics (see Casillas and Barbadilla 2017), phylogenetics (Emerson et al. 

2010, McCormack et al. 2013), wildlife conservation (Angeloni et al. 2012), and environmental 

monitoring (Shokralla et al. 2012). Although the use of next-generation sequencing (NGS) to 

address biological invasion issues has been limited, increased access to these technologies has 

established the utility of NGS for the study of invasions (for discussion: Rius et al. 2015). These 

tools are poised to revolutionize our understanding of invasions, particularly when the invader 

has not been extensively studied and is known to impact native fauna.

Introduced populations that result from introductions from multiple sources often express 

levels of genetic diversity similar to that of native populations (Kolbe et al. 2004). This 

maintenance of genetic diversity increases the probability that a population will respond 

positively to environmental change or threats such as reduced resource availability (Jump et al. 

2009) since genetically diverse populations are more likely to contain traits that may be 

advantageous in new environments (Carlson et al. 2014). In contrast, small populations are 

susceptible to loss of genetic diversity through genetic drift, founder effects, and genetic 

bottlenecks (Sakai et al. 2001), making them more at risk of failing to establish in novel 

environments.

Pike throughout its native range exhibit low levels of genetic variability when compared 

to other fishes throughout their native range (Ward et al. 1994; Wennerstrom et al. 2018), with 

slightly higher levels in Eurasian populations, which suggests a Eurasian origin for North 

American pike populations (Skog et al. 2014). Although pike exhibit low diversity, the species 

shows high among-population differentiation (Jacobsen et al. 2004) and have been shown to 

have the highest genetic differentiation as measured by FST of any freshwater fish (Ward et al. 

1994). Low diversity and high differentiation in extant pike populations are likely the result of 
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their history of post-glacial dispersal and their status as a top predator (Wennerstrom et al. 2018) 

which is associated with small population sizes. Thus far, studies of the genetic diversity of 

invasive pike has been limited in scope (Pedreschi et al. 2014). An examination of the history of 

invasion into Southcentral Alaska can identify sources of the introduction or corroborate 

previous knowledge (i.e., that the founder was Minto Flats) and provide a valuable monitoring 

tool through a genetic baseline. Also, genetic data can provide insight into mechanisms that 

allow for successful invasion.

While uncovering the history of the invasion is useful, predicting the current and future 

impacts of invasive pike provides a tool for management of the invasion across large geographic 

areas. Invasive pike have been linked to the rapid decline of multiple salmonid (salmon and 

trout) species (Rutz 1999; Dunker et al. 2018) as well as the extirpation of a rare weakly-armored 

threespine stickleback (Gasterosteus aculeatus) population in Prator Lake, Alaska (Patankar et 

al. 2006; Rutz 1996; 1999; Sepulveda et al. 2015; 2013). Local species extirpations, perhaps due 

to the naivety of native salmonids to this novel predator (Sih et al. 2010), are likely to continue 

as pike spread throughout the Matanuska-Susitna basin. Pike and Pacific salmon require slow 

moving, shallow, well-vegetated aquatic habitats to complete their life cycle and rely on 

vegetation for larval and juvenile development (Bjornn and Reiser 1991; Casselman and Lewis 

1996; Jacobsen and Engstrom-Ost 2018). The common habitat use (Dunker et al. 2018) and 

pikes' preference for soft-rayed fishes (Eklov et al. 1989) leads to heavy predation of juvenile 

salmonids by pike (Rutz 1999; Sepulveda et al. 2013, 2015). Thus, examining the current 

distribution of pike, connectivity between sources of pike and the river network, and determining 

the extent to which salmon and pike may overlap is crucial for predicting the future impacts of 

the invasion and informing management decisions
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Due to the vast scale of management areas and limited resources, estimates of fish habitat 

potential based on stream geomorphology, termed ‘intrinsic potential' (Burnett et al. 2007) have 

been developed. Intrinsic potential models have been used to predict the distribution of salmonid 

habitat in the Western United States (Burnett et al. 2007; Bidlack et al. 2014; Matter et al. 2018). 

Similar to other habitat suitability models (Guisan et al. 2017), intrinsic potential models assign a 

suitability value for attributes deemed important to a species or life-stage. However, intrinsic 

potential models rely on relatively static reach-scale attributes (e.g., channel confinement, 

gradient, or floodplain width) for prediction (Burnett et al. 2007). These reach-scale estimates 

can be applied at various spatial scales and provide a tool for managers. Although intrinsic 

potential models allow for identification of quality habitat across broad landscapes, estimates of 

habitat potential alone cannot describe the vulnerability of Pacific salmon to the invasion of pike 

in the Matanuska-Susitna basin. Other factors, like the overlap between salmon and pike, 

connectivity between invaded and un-invaded areas, and vectors for movement are important to 

consider.

Bayesian networks provide a method for incorporating qualitative and quantitative 

natural resource data into a formal decision tool and have been used to integrate a variety of data 

like habitat suitability models (Peterson et al. 2008; Falke et al. 2015) and to provide quantitative 

solutions to ecological problems (McCann et al. 2006). The integration of various sources of data 

and tracking of uncertainty through each stage of the network allow for accurate predictions 

under different scenarios (McCann et al. 2006; Uusitalo 2007). Further utility can be found in 

their ability to easily incorporate new information, thus reducing uncertainty of the estimates. 

Taken together, these factors make Bayesian networks a useful tool with which to assess the 

vulnerability of Pacific salmon to the ongoing invasion by pike, especially since there are 
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multiple types of information (e.g., habitat data, catch data, professional knowledge) available 

for the invasion.

It is evident that new methods are needed to predict where invasive species are likely to 

invade (Dick et al. 2013). However, these new methods must be widely applicable and readily 

available to managers to be useful. Here, I demonstrate how tools such as intrinsic potential 

habitat modeling, Bayesian networks, and next-generation sequencing can be employed to 

investigate invasions and efficiently identify critical areas where management actions will attain 

the greatest benefits. Further, these tools can be readily adapted for use with other species and 

areas. Finally, it is likely that pike are not the sole or primary threat to Pacific salmon in 

Southcentral Alaska, but my results demonstrate a clear connection between pike and salmon in 

this region. Specifically, as pike continue to invade suitable habitat, they will interact with the 

Matanuska-Susitna basins' naïve salmon and will further impact already struggling salmon 

returns.

The pairing of intrinsic potential models and connectivity with the reconstruction of the 

genetic history of this invasion will provide estimates of current pike distribution, identify 

suitable sites of invasion, provide insight into colonization history, and establish a genetic 

baseline of non-native pike in Southcentral Alaska. Together, these data offer insight into the 

overall invasive potential of the species and provide managers with the tools necessary to 

identify unaffected, vulnerable habitat throughout Southcentral Alaska and monitor for new 

introduction events.
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Chapter 1: Evidence of genetic structure despite low genetic diversity in an invasive apex 

predator, the northern pike (Esox lucius)1

1 Jalbert, C.S., Lopez, J.A., Falke, J.A., Westley, P.A.H, and Dunker, K.J. 2018. Evidence of genetic structure 
despite low genetic diversity in an invasive apex predator, the northern pike (Esox lucius). Formatted for the journal 
Evolutionary Applications.

Abstract

In this paper, we examine the genetic structure of invasive populations of northern pike

(Esox lucius) in Southcentral Alaska and provide insight into its invasion history using a 

genotyping by sequencing strategy. We determined genotypes at 7,889 single nucleotide 

polymorphisms (SNPs) from three native and seven invasive populations from the Susitna River 

basin and Kenai Peninsula in Southcentral Alaska. We detected low levels of genetic variability 

in native populations (mean heterozygosity = 0.0360 and mean n = 0.000241) and even lower 

diversity in introduced populations (mean heterozygosity = 0.0227 and mean n = 0.000131), 

which suggests small founding population sizes during introduction. We identified high 

differentiation among some populations with global FST = 0.424 and little admixture between 

populations, which we attribute to founder effects, genetic drift of numerically small populations, 

and negligible effective migration rates. Clustering analyses (i.e., Bayesian clustering, PCA) 

identified five populations among the sampled locations. The five groups consisted of three 

distinct native populations, one group comprised samples from five invasive sites in the Susitna 

drainage, and one group comprised two sites on the Kenai Peninsula. The genotype dataset did 

not provide a clear links between specific native and invasive groups, although it did provide 

evidence for different founding sources for the Kenai and Susitna groups.
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Introduction

Biological invasions of non-native species are a leading cause of extinction (Clavero and 

Garciaberthou 2005), loss of native biodiversity (Moyle and Leidy 1992; Vitousek et al. 1996; 

Mooney and Cleland 2001) and loss of genetic diversity worldwide (Ricciardi and Macisaac 

2010). The subset of introduced non-native species that produce environmental impacts and thus 

become invasive (sensu Davis et al. 2011) translate to substantial economic impacts, with the 

latter tallying into the billions of US dollars per year (Leung et al. 2002; Pimentel et al. 2005). 

Invasive species can outcompete native species for prey, directly prey upon native taxa, and 

hybridize with native populations resulting in native genetic diversity loss (Vander Zanden et al. 

2004; Muhlfeld et al. 2009; Ricciardi and Macisaac 2010). However, invasions also provide 

opportunities to assess underlying ecological and evolutionary processes in natural settings 

(Westley 2011). Processes such as mutation, natural selection, gene flow, and genetic drift 

combine to shape genetic diversity and influence evolutionary potential and survival of 

organisms. As a result, examination of these processes across broad landscapes can provide 

insight into factors that facilitate invasions.

One crucial aspect of invasions, propagule pressure, describes the number and quality of 

individuals introduced in the early stages of invasion and is fundamental to understand invasion 

success and levels of admixture (Lockwood et al. 2005). Introduced populations that result from 

high propagule pressure often maintain levels of genetic diversity similar to those of native 

populations (Kolbe et al. 2004). This maintenance of genetic diversity increases the probability 

that a population will persist through contemporary adaptive evolution following an 

environmental change that results in maladaptation (Carlson et al. 2014). In contrast, species 
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introductions are often a result of small population sizes and are susceptible to loss of genetic 

diversity through genetic drift, founder effects, and genetic bottlenecks (Sakai et al. 2001).

Worldwide introductions of the highly predatory northern pike (Esox lucius; hereafter 

‘pike') outside their native range have increased over the past few decades (McMahon and 

Bennett 1996; Johnson et al. 2009). As a prized sportfish and common target of aquaculture 

enhancement and stocking, the invasion of pike into new areas is the product of a combination of 

natural and human-assisted vectors. Pike are generalist feeders that can tolerate a range of 

environmental conditions; thus, the species inhabits a wide array of habitats from freshwater to 

brackish water (Inskip 1982; Raat 1988; Skov et al. 2018). Phenotypic flexibility in pike appears 

to exist despite low levels of genetic variability, and indeed pike are genetically depauperate 

when compared to other freshwater fishes (Wennerstrom et al. 2018). For instance, Seeb et al. 

(1987) found that only two of 65 allozyme loci were polymorphic in eight North American 

populations ranging from western Canada to the Mississippi River Drainage. Similarly, 

mitochondrial and microsatellite markers revealed little variation throughout the Holarctic, 

although slightly higher levels of genetic diversity in Eurasian populations was suggestive of a 

Eurasian origin for North American pike populations (Skog et al. 2014). European populations 

show low genetic variability but exhibit high differentiation between populations. This low 

diversity has been attributed to low population sizes that resulted from post-glacial bottlenecks 

which shaped present day population structure (Jacobsen et al. 2004). A historical analysis of 

genetic variation revealed low effective population sizes, with losses in heterozygosity of around 

8% over a 32-year study period (Miller and Kapuscinski 1997). The extremely low levels of 

genetic variability found in pike are likely a result of their post-glacial dispersal patterns, in 

which pike radiated outward from a few refugia, and their status as a top predator. In summary, 
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pike exhibit low levels of genetic diversity throughout their natural range, when compared to 

other freshwater fishes (Appendix B).

In Alaska, pike are an ecologically and culturally important native fish species north and 

west of the Alaska Mountain Range, but do not naturally occur south of the range except for 

what is thought to be a single isolated post-glacial relict population near Yakutat, Alaska 

(Morrow 1980). In the 1950s, a floatplane pilot reportedly removed pike from the native range 

(Minto Flats, near Fairbanks, AK, USA) and released the fish into Bulchitna Lake (Susitna, AK, 

USA) with the intention to hold recreational fishing contests (Bulchitna Lake residents, personal 

communication, 2017). A small dam at the outlet of Bulchitna Lake was constructed to contain 

pike in the lake, but presumably high-water events flooded the lake allowing access to the 

Susitna River drainage (Figure 1). This illegal stocking event is thought to be the initial source of 

pike in the Matanuska-Susitna basin (Haught and von Hippel 2011; Dunker et al. 2018). 

Additional illegal stocking events occurred in the 1960s into Alexander Lake (Susitna, Alaska, 

USA) as well as in lakes on the Kenai Peninsula (1970s), promoting the establishment of non

native pike populations (Dunker et al. 2018). Despite widespread concern about the impacts of 

pike, particularly on native Pacific salmonids (Oncorhynchus spp.), and their position as the 

putative link between European and North American lineages, virtually nothing is known about 

the genetic diversity of pike in Alaska. A few studies have included samples from Alaskan pike 

but were unable to or did not differentiate between populations within Alaska (Seeb et al. 1987; 

Skog et al. 2014; Wooller et al. 2015). Here, we expand knowledge about pike populations 

within Alaska with an emphasis on invasive pike, using the largest marker set for pike to date.

Our overall goal was to examine the history of the invasion into Southcentral Alaska to 

identify potential sources of the introduction and to provide baseline genetic data for invasive 
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pike. To do this we examined genetic variability, population affinities, and genetic diversity of 

native and invasive pike throughout Alaska. Our objectives were to 1) characterize genetic 

variability of native and introduced populations, and 2) determine the affinities between native 

and introduced populations. We expected that introduced populations resulting from a single 

introduction event would exhibit less genetic diversity than native populations.

Materials and methods

Sampling

We collected northern pike from ten sites comprising three locations from within the 

species' native range and seven from the non-native range (Table 1). We selected invasive sites 

based on: 1) previous knowledge of human-mediated introduction, 2) the spatial relationship to 

known introduction sites, and 3) the relative importance to Pacific salmon in the area. We 

selected native sites based on the likelihood of representing a source population for the invasion 

into Southcentral Alaska (Dunker et al. 2018).

Pike were captured using a combination of gillnet, seine net, rotenone treatment, and 

angling. All pike captured in the invasive range and 50 pike from each native site were 

euthanized. Pectoral fin clip tissues were placed in reagent alcohol (95%) or a solution of 

dimethyl sulfoxide (DMSO), Ethylenediaminetetraacetic acid (EDTA), and salt for preservation 

(Seutin et al. 1991) immediately after collection. Sample collection and associated protocols 

were approved by the Alaska Department of Fish and Game (ADF&G) and the Institutional 

Animal Care and Use Committee (IACUC) and were collected under Fish Resource Permit 

number SF2017-168 and IACUC protocol number 921163-3.
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Genomic DNA isolation

Total genomic DNA was isolated from preserved tissue samples using the reagents and 

protocols of the Qiagen Gentra Puregene Tissue kit (QIAGEN Inc., Valencia CA) with a 

modification to the final elution buffer. Specifically, isolated genomic DNA was dissolved in 50 

μL of low-EDTA TE buffer (pH 8.0) to minimize potential inhibition of downstream reactions. 

Quantity and purity of DNA preparations were assessed through fluorometry, spectrophotometry 

and electrophoresis.

DNA sequencing

We used a double digest restriction-site associated sequencing (ddRAD-seq) approach 

(Peterson et al. 2012) to broadly characterize genetic variation from 200 pike individuals from 

seven non-native sites (n = 105) and three native sites (n = 95; Table 1). A sample size of 10 - 25 

randomly selected individuals per site was based on previous studies that used ddRAD-seq 

datasets to determine genetic diversity (Hale et al. 2012; Willing et al. 2012). Briefly, > 200 ng 

of DNA from each sample, was digested using the restriction enzyme combination MspI 

(C|CGG) and EcoRI (G|AATTC). Restriction digest products were used to build individually 

tagged libraries, which were then pooled, and size selected base pair inserts and sequenced on an 

Illumina HiSeq platform using 2x125bp PE V4 chemistry. library construction, sequencing, and 

demultiplexing was performed by GENEWIZ llC (South Plainfield, NJ, USA).

Sequence data quality assessment

We used FASTQC version 0.11.7 (Andrews 2010) to assess the quality of the sequence 

reads and MUlTIQC version 1.5 (Ewels et al. 2016) to obtain a consolidated summary of 

individual FASTQC module reports. Sequences and individuals with more than 20% of the bases 

exhibiting a Phred quality score (i.e., base calling accuracy) less than Q30 were removed from 
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downstream analyses. These data demonstrated that our choice of restriction enzymes was 

appropriate and did not introduce significant biases as the average GC (guanine-cytosine) content 

of our reads (44.5%) was similar to the reference genome (42.2%).

Genotyping

The ipyrad (v 0.7.23, available: https://ipyrad.readthedocs.io/index.html) pipeline was 

used to identify sequenced loci from the ddRAD-seq sequencing output and to create aligned 

datasets of genotypes. The analysis pipeline includes tools to assist with quality trimming and 

adapter removal, de novo and reference-based assembly of RAD loci, read mapping, SNP 

calling, and baseline data filtering. To produce a set of aligned genotyped loci, we aligned 

ddRAD-seq reads to the pike genome assembly ( Eluc_V3, Rondeau et al. 2014) using the ipyrad 

pipeline. We assembled sequences using default parameters with the following modifications: 

“pairddrad” reference-based assembly settings: restriction enzyme overhang to filter adapter 

(AATTC, CGG); level of similarity at which two sequences are homologous (0.85); removal of 

Illumina adapters (0); trim N bases from beginning and end of R1 and R2 reads (0, 0, 0, 0); and 

trim N bases from 5' or 3' end of final loci (0, 0, 0, 0). To restrict the output to loci that are 

shared across 70% of samples (N = 140) we invoked the “min_samples_locus” parameter.

The pipeline created a final dataset in filetypes readable by standard population genetics 

software (e.g., VCF). Statistical analyses were completed using packages within R version 3.5.1 

(R Core Team 2018) and VCFTOOLS version 0.1.15 (Danecek et al. 2011). All custom pipelines 

and R scripts are available upon request.

Genetic variability

To estimate genetic variability, we examined the number of private alleles found in each 

location, proportion of polymorphic loci in each location, n (nucleotide diversity), and observed 
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(HO) and expected (HE) heterozygosity. A count of private alleles, the proportion of polymorphic 

loci found in each location, nucleotide diversity (Nei and Li 1979), and heterozygosity (HO) was 

calculated using the R package radiator version 0.0.16 (Gosselin 2017) and verified using other, 

common genetic software (e.g., hierfstat, POPULATIONS).

Population structure and genetic differentiation

To examine the genetic differentiation between populations and identify potential 

founding populations, we calculated the average pairwise FST values between all ten locations 

(Table 3). Estimates of genetic differentiation between each sampling location were calculated 

using Weir and Cockerham's FST estimator (Weir and Cockerham 1984) within the R package 

hierfstat version 0.04-22 (Goudet 2005), using the pairwise.WCfst function. One thousand 

bootstraps were carried out to determine the 95% confidence intervals for each pair of 

populations and across all loci to evaluate statistical significance of estimated values. 

Bootstrapping was performed with the boot.ppfst function in hierfstat.

The Bayesian clustering analysis within STRUCTURE version 2.3.4 (Pritchard et al. 

2000) was used to infer the presence of populations and assign individuals to populations. An 

initial analysis of genetic structure was performed among all individuals without prior location 

information. Additional analyses were performed using location information in a hierarchical 

fashion to assess fine-scale population structure. We used a burn-in of 100,000 and 10,000 

Markov Chain Monte Carlo repetitions after the burn-in, then tested values of K from 1 to 15 

with 20 independent replicates of each K-value. We used the StrAuto pipeline version 1.0 

(Chhatre and Emerson 2017) to parallelize STRUCUTRE analyses and used the Evanno AK 

method (Evanno et al. 2005), then visualized results with STRUCTURE HARVESTER version 

0.6.94 (Earl and vonHoldt 2012). Finally, to generate a consensus for our replicate K-runs, we 
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used CLUMPAK version 1.1 (Kopelman et al. 2015), which relies on DISTRUCT (Rosenberg 

2004) for visualization. The program uses a Markov clustering algorithm to assist in the 

comparison of model results across different K-values with optimal values of K identified by 

comparing the AK method and the highest log-likelihood ln(Pr(X|K)) result. We also used a 

discriminant analysis of principal components (DAPC) as implemented in the R package 

adegenet (Jombart 2008) to estimate variability and optimal number of clusters without genetic 

model-based assumptions (e.g., Hardy-Weinberg equilibrium). We used the find.clusers() 

function, found in adegenet, to determine the number of population clusters (K). In short, the 

model identifies the optimum K by maximizing the variation between groups and iterates over a 

sequential number of values for K while comparing solutions using the Bayesian Information 

Criterion (BIC). To avoid overfitting the DAPC, we selected the optimal number of principal 

components (PCs) using the cross-validation function in adegenet. We replicated the cross

validation 100 times and used a training data set of 80% to predict the group membership of 

individuals under a variable number of PCs. The optimal number of PCs was selected based on 

the lowest root mean squared error. Finally, to verify our previous analysis, we selected the best 

K by examining the rate of change in BIC, where the optimal BIC was chosen as the lowest 

value. Our independent BIC analysis produced similar estimates of K to those obtained using 

DAPC so only the results from the DAPC are reported here.

Phylogenetic relationships

The phylogenetic relationship between locations was assessed by reconstructing a distance tree 

based on the neighbor-joining algorithm (Saitou and Nei 1987). We assessed the support for each 

branch length using 100 bootstraps. Due to the absence of a known outgroup population in our 

dataset, we used midpoint method to root the tree (Farris 1972) as an approximation to the true 

23



placement of root. Here, the neighbor-joining algorithm was calculated using Nei's distance (Nei 

1978) as implemented within poppr using a custom R-script. Trees were visualized using the R 

package ggtree (Yu et al. 2017) and FigTree (available: http://tree.bio.ed.ac.uk/software/figtree/).

Results

Data summary

We generated ddRAD-seq data from 200 individuals from ten sites across Alaska 

including sites within the species native (3 sites, n = 70) and introduced range (7 sites, n = 130). 

The average number of fish sequenced at each location was 20 (range 10 - 25). The average 

sequencing yield per individual was 5 million reads (range 3.6 to 6.6) representing an average of 

1.25 Gbases per individual (± 0.12 Gbases [SD]) . All sequences had mean Phred Q-scores above 

30 (mean = 38 ± 0.7 [SD]) and 91.62% of all base calls had a quality score above 30. The 

average GC content of all reads was 44.5% (± 2.6% [SD]).

The ipyrad pipeline identified a total of 52,441 loci and retained 16,145 post filtering, 

with an average of 14,915 (± 380 [SD]) loci per individual. The following sequence of filters 

were applied by the genotype assembly pipeline with the number of reads lost to each listed in 

parenthesis (Table S1): duplicates removed (849); loci exceeding threshold of 

insertions/deletions removed (815); loci exceeding threshold of variable sites removed (589); 

loci exceeding threshold of observed heterozygosity removed (300); loci failing to reach 

minimum number of individuals genotyped removed (34,773); loci exceeding threshold of 

observed alleles removed (1,332). After further filtering for biallelic and variant-only sites, we 

produced a VCF comprising 7,889 high-quality SNPs from our sample set.
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Genetic variability

The number of private alleles in each population was assessed to provide insight into 

population relationships (i.e., gene flow and ancestry). Native pike populations held an average 

of 891 (± 13 [SD]) private alleles which is significantly more than (t(198) = -76.7, p = 0.0001) 

what was found in invasive pike populations (mean = 324 ± 61 [SD]; Table 2). Estimates of 

nucleotide diversity for all locations ranged from 8.45x10-5 (Otter Lake; OTT) to 2.51x10-4 

(Lake Nerka; NKA), with an average of 2.73x10-4. Nucleotide diversity was higher in native 

populations (mean = 2.41x10  -4 ± 1.03x10-5 [SD]) than in invasive populations (mean = 1.31x10-4 

± 4.39x10-4 [SD]). Similarly, the percentage of polymorphic loci was higher in native 

populations (mean = 33.7% ± 2.3% [SD]) than in invasive populations (mean = 13.4% ± 1.3% 

[SD]). The least polymorphic location was Otter Lake (12%) and the most polymorphic location 

was Lake Nerka (36%).

For all populations and loci, the average observed heterozygosity was lower than 

expected. Heterozygosity ranged from 0.0153 (Otter Lake) to 0.0547 (Lake Nerka), with a mean 

of 0.0326 (± 0.0268 [SD]). Mean levels of heterozygosity for the two Kenai Peninsula 

populations (0.0278) fell between the Susitna and native populations. However, overall, 

introduced populations had lower heterozygosity (mean = 0.0227 ± 0.0041 [SD]) than native 

populations (mean = 0.036 ± 0.0047 [SD]); t(198) = -20.774 p = 0.0001.

Population structure and genetic differentiation

The pairwise FST varied widely between comparisons ranging from 0.668 to 0.047 with a 

global FST of 0.424. The highest pairwise FST values were between Tiny Lake (Kenai Peninsula, 

Alaska) and Otter Lake (Anchorage, Alaska) with FST = 0.668 and the lowest between Alexander 

Lake and Alexander Creek (Susitna basin, Alaska) with FST = 0.047. We grouped the six invasive 
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locations from the Susitna basin and Anchorage into a “Susitna” group and both invasive 

locations from the Kenai Peninsula into a “Kenai” group for comparison with the three native 

populations (“Native”). The FST between the Susitna and Native groups was 0.0812 while FST 

between Kenai and Native groups was 0.0596. Curiously, FST between the two invasive groups 

(i.e., Susitna and Kenai) was much higher at 0.1889, suggesting highly differentiated populations 

and different origins. This result was supported by location-based pairwise comparisons which 

were much higher between Kenai-Susitna invasive pairs, than invasive-native pairs (Table 3).

The STRUCTURE analysis identified K = 2 as the highest log-likelihood for our full 

dataset (Figure 3). The two groups were 1) the Susitna basin invasive locations and 2) the native 

and Kenai Peninsula (invasive) locations. We split our samples into the two groups identified by 

analysis of the full sample set (Figure 3) to look at fine scale structure. For the group composed 

of fish from all Susitna basin sites, there was a lack of consensus between estimates of K using 

methods outlined by Evanno and the log-likelihood method. The two methods produced wildly 

different results from K = 2 to K = 10. Hence, we failed to identify population structure among 

the invasive pike populations of the Susitna basin. For the second group, there was a consensus 

of K = 4 through both methods. Initially, the Kenai Peninsula invasive locations diverged from 

the native populations at K = 2, then the Fairbanks populations split from the remaining western 

Alaska native populations, and finally the two Western Alaska populations are differentiated 

(Figure 3). Finally, there was little evidence of admixture throughout all STRUCTURE analyses, 

suggesting a lack of gene flow between identified groups.

After cross-validation, 20 principal components and four discriminant functions were 

retained for the DAPC which identified K = 5 as the number of groups for the dataset. All 

locations had 100% membership probability in the five clusters. The five groups consisted of 
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three distinct clusters representing each the three sampled native populations, one cluster 

representing all sampled introduced Susitna basin populations, and a cluster representing the two 

sampled introduced Kenai Peninsula populations (Figure 2). The distinction between invasive 

groups on the Kenai Peninsula and Susitna basin was supported by high pairwise FST values 

between the two locations.

Phylogenetic relationships

The midpoint rooted tree (Figure 4) aligned with our estimates of K from the DAPC 

approach. There were five major groups identified by the tree, with three distinct clusters for the 

native locations and one each for the Susitna and Kenai invasive groups. The native and Kenai 

Peninsula invasive locations showed no evidence of mixture between the groups. In contrast, the 

Susitna basin group showed no clear phylogenetic structure, with fish from the six sites forming 

a singled mixed clade.

Discussion

We employed a genotyping by sequencing strategy using the ddRAD-seq technique to 

examine the genetic variability in native and introduced populations of the northern pike. We 

genotyped 200 individuals from ten populations in Alaska. We used this dataset to examine the 

history of the invasion into Southcentral Alaska and attempted to determine population affinities 

for seven invasive populations. This study provided the first baseline information useful to 

understand the genetic consequences of bottlenecks on introduced pike in Alaska. Species 

invasions are generally characterized by dramatic reductions in genetic diversity due to the 

genetic bottleneck associated with small founding populations, thus the study of genetically 

depauperate species may help to elucidate factors facilitating invasion success.
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We found that native populations had a much higher number of private alleles than 

invasive populations suggesting a bottleneck due to the introduction event (Kinziger et al. 2011). 

Generally, the number of private alleles found in invasive populations was consistent and similar 

among closely located sites suggestive of introduction sources and contemporary gene flow. 

Interestingly, we found pike in Alexander Creek exhibited more private alleles than pike in its 

headwater lake, Alexander lake (Susitna, Alaska, USA), and measures of differentiation 

between the groups were significantly different than zero (FST = 0.047 ± 0.011).We interpret this 

to mean that in the Alexander system, pike from the lake may not frequently migrate into the 

creek and vice-versa. Our results are generally consistent with telemetry studies by the Alaska 

Department of Fish and Game where only 7% of all radio-tagged adult pike left the lake and 

traveled downstream into the creek (Alaska Department of Fish and Game, unpublished data). 

This result generally supports the management actions to suppress pike in the creek as movement 

from the lake appears to be restricted.

To identify genetic structure and examine among-population variation, we used Bayesian 

model-based approaches in STRUCTURE and measures of FST. Divergence between invasive 

populations in the Susitna basin and native populations was identified at K = 2, signifying 

differentiation between the two major groups. However, counter to expectation at the K=2 level 

of clustering the Kenai Peninsula introduced populations remained grouped with the native 

populations, which indicates different source populations for the Susitna invasive group. A 

subsequent fine-scale analysis identified differentiation between the Kenai Peninsula introduced 

populations and the native populations at K = 2 thus, this analysis does not provide evidence for 

a particular source for the introduction to the Kenai Peninsula. Further, our analyses identified 

almost no mixture between these groups (Figure 3). A separate analysis of populations 
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introduced to the Susitna basin failed to identify clear population structure. The lack of structure 

makes sense under the assumption that there were a limited number of introduction events 

consisting of a small number of individuals. Under this scenario, pike introduced in the 1950s 

would have spread from a single location and undergone genetic drift, which without gene flow 

from native populations would have led to divergence of the groups. Further, the lack of 

structure provides some indication that the sampled populations were part of the original 

introduction in the 1950s and not supplemented by subsequent introductions. Future analyses 

including more populations and potentially more factors impacting genetic structure may help to 

elucidate the number of introductions. For example, a comprehensive study of the landscape 

genetics of pike in the St. Lawrence River system revealed low genetic structure between 

populations with the upper sections of the system showing significantly higher differentiation 

than populations in the lower section (Ouellet-Cauchon et al. 2014). Their analysis provided 

insight into the impacts of environmental factors in determining genetic structure within 

populations of pike which is something we were unable to consider.

We identified a range of pairwise FST values between locations with some reaching FST ~ 

0.668. Pairwise FST among collections from the Susitna basin were lower (average 0.12) than 

among the invasive sites from the Kenai Peninsula (0.16) but were similar to the native sites (FST 

= 0.33). The highest FST values observed were between the invasive populations from the Kenai 

Peninsula and Susitna basin, adding support to a scenario of distinct sources for these two 

introductions. The highly divergent values are supported by our other analyses (e.g., 

STRUCTURE and DAPC) and led us to the hypothesis that the invasive populations are a result 

of independent introductions. This idea is supported by a two-decade gap in the first detection of 

these groups, with pike in the Susitna basin first detected in the 1950s and pike on the Kenai

29



Peninsula detected in the 1970s. Distance between populations is known to be potentially 

confounding in characterizing population structure due to the detection of differentiation 

mediated by the effects of distance on effective migration rather than by reproductive barriers. 

gene flow. Our data provides an example of the opposite, where geographically distant 

populations are more closely related than populations that are located closer together. An 

explanation for this could be that the introduced populations were from different origins which 

contain some differentiation and were small so random losses in variation due to drift resulted in 

further differentiation.

We were unable to positively determine population affinities for invasive pike within 

Southcentral Alaska. Our phylogenetic analyses allowed for a visualization of groups of 

populations, which matched the DAPC clusters. However, our analyses provided some evidence 

that the Kenai Peninsula and Lake Clark pike were linked, perhaps with Lake Clark acting as a 

founder population. Similar to our other analyses, phylogenetic analyses failed to detect 

population structure between populations in the Susitna basin, signifying a lack of diversity. 

Further phylogenetic examination of our data as sequences instead of SNPs, using a likelihood 

rather than genetic distance approach, may help to inform the relationships between the Kenai 

Peninsula and Native pike populations.

In a review of freshwater fish diversity, pike were found to show low levels of genetic 

diversity, but the highest divergence of all fish species examined with eight populations from 

five drainages throughout North America with an FST equal to 0.852 (data from Seeb et al. 1997; 

for discussion see Ward et al. 1994). Our analyses also identified populations with high FST 

values, suggesting that this pattern may be diagnostic for pike. With regard to genetic diversity, 

our results were consistent with previous studies that identified pike as a genetically poor species 
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(Ward et al. 1994; Wennerstrom et al. 2018). However, we demonstrated additional reductions in 

genetic diversity within introduced populations in two geographically distinct areas of 

Southcentral Alaska, the Kenai Peninsula and Susitna River basin. These data were consistent 

with a founder event in which a small number of pike were released and subsequently spread 

throughout the system. Similar to other freshwater fishes now found in northern North America, 

pike survived the Pleistocene glaciation in refugia, expanding as ice retreated, which led to the 

reduced diversity and higher divergence when compared to marine or anadromous fishes (Ward 

et al. 1994). Multiple theories to explain reduction in diversity of freshwater fishes have been 

proposed and could apply to pike. The first is that due to greater physical barriers to movement 

within river networks than in the ocean, limited dispersal throughout the network resulted in low 

gene flow, thus isolating populations. Also, populations of top predators are expected to have 

low population sizes and be subject to strong cycles of abundance due to shifts in food resources 

(Craig 1996).

Currently, our study is limited in the extent to which we can draw conclusions about 

structure within the native range based on only three native populations. We acknowledge this 

shortcoming, but are confident that the populations we included are important as they have been 

identified as potential founder populations for the introduction into Southcentral Alaska (Dunker 

et al. 2018) and are known float plane destinations from the Susitna basin and the Kenai 

Peninsula (Schwoerer 2017). Also, to extend our work and assess broader questions of Alaskan 

glacial refugia (see Miller and Senanan 2003), population structure of North American pike, and 

the invasion success of pike, more populations from throughout pike's range should be 

examined. To alleviate these shortcomings and examine other potential founder populations, we 
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are currently expanding our work to include more populations from the native range in Alaska 

and from neighboring areas within North America (e.g., Ontario).

Key findings of this work extend our knowledge of pike standing genetic diversity to 

populations from Alaska and document strong bottleneck effects in the pike populations in 

Southcentral Alaska. This is noteworthy because since introduction in the 1950s, pike have 

continued to expand and have been implicated in the extirpation and declines of native fishes 

(Haught and von Hippel 2011; Sepulveda et al. 2013; Dunker et al. 2018). Apparently, the lack 

of diversity does not affect their invasion success as northern pike have continued their 

expansion into Southcentral Alaska. Although it is unclear whether introduced northern pike 

populations have locally adapted to conditions in their new areas, our finding suggests that 

genetic diversity is not a requisite condition of successful invasion. We were surprised to find 

that pike on the Kenai Peninsula exhibited higher genetic diversity than pike in the Susitna basin, 

indicative of higher propagule pressure on the Kenai Peninsula consistent with multiple sources 

of founders. Our results support the working hypothesis that the Kenai Peninsula pike originated 

from multiple, albeit yet unidentified, founding sources (Robert Massengill, ADF&G, personal 

communication, 2017). Although we did not succeed in determining the source of the invasion 

into Southcentral Alaska, our work provided baseline data for managers to monitor and detect 

signs of new introductions of pike.
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Figures

Figure 1.1. Northern pike sampling locations throughout Alaska with native sites shown in inset 

and invasive sites shown in main figure. Sampling locations are marked as circles. Inset 

(a) shows the distribution of native (light grey) and invasive (dark grey) northern pike in 

Alaska. Dashed outlines represent generalized areas corresponding to ‘Area' in Table 1.1. 

Population definitions are located in Table 1.1.
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Figure 1.2. Discriminant Analysis of Principal Components of northern pike genetic diversity

within Alaska, showing axes 1 and 2. Ellipses represent 95% confidence intervals.

Invasive status is displayed as triangles for native populations and circles for introduced 

populations. Populations are grouped according to structure analysis (K = 5, see text for 

details).
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Figure 1.3. Hierarchical STRUCTURE results for introduced and native northern pike genetic 

structure. Individuals are represented by columns along the x-axis and the probability of 

group membership along the y-axis. Black rectangle represents populations shown in (b, 

c, d) with location as prior. See Table 1.1 for population definitions. (a) Divergence at K 

= 2 between native and introduced populations from the Susitna Basin. Note that STR 

and TNY are introduced but located on the Kenai Peninsula. (b - d) Structure of native 

and introduced Kenai Peninsula populations for K = 2, K = 3, and K =4. (c) Divergence 

of Western and Interior Alaska native populations.
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Figure 1.4. Midpoint rooted phylogenetic tree of native and invasive populations of northern pike in Alaska. Native populations are 

triangles and indicated by black. Invasive groups (“Kenai” and “Susitna”; see text for details) are circles and indicated by grey.

The tree was created using neighbor-joining method and branch lengths were calculated using 100 bootstraps. There is no

evidence of genetic structure in Susitna populations and invasive branches suggest alternate founding sources.



Tables

Table 1.1. Collection location, estimated year of invasion, and sample sizes for genotyped 

northern pike (Esox lucius) in Alaska, USA Collector agencies are as follows: ADFG, 

Alaska Department of Fish and Game; CIAA, Cook Inlet Aquaculture Association; UAF, 

University of Alaska Fairbanks; NPS, National Park Service.

Area Location Pop Latitude Longitude Status Est.

invasion

year

N Collector

Susitna Alexander Ck ALC 61.637 -150.690 Invasive 1960 25 ADFG

Susitna Alexander Lk ALL 61.736 -150.887 Invasive 1970 20 ADFG

Susitna Deshka R DSK 61.745 -150.312 Invasive 1980 20 ADFG

Anchorage Otter Lk OTT 61.290 -149.738 Invasive 2000 20 ADFG

Susitna Shell Lk SHL 61.961 -151.581 Invasive 1980 20 CIAA

Kenai Stormy Lk STR 60.779 -151.065 Invasive 1970 15 ADFG

Kenai Tiny Lk TNY 60.520 -150.993 Invasive unknown 10 ADFG

Interior Fairbanks area FBK 64.835 -147.784 Native -- 20 UAF

Western Lk Clark CLK 60.180 -154.562 Native -- 25 NPS

Western Lk Nerka NKA 59.547 -158.757 Native -- 25 UAF
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Table 1.2. Estimates of genetic diversity across populations of pike throughout Alaska. Values 

shown are the mean for all positions, variable and fixed, in each population.

Pop Pvt N % Poly HO n

ALC 449 23.23 15.7 0.0258 0.000135

ALL 301 18.98 12.8 0.0205 0.00011

DSK 348 18.9 14.4 0.0231 0.000123

CLK 896 23.01 31.5 0.0491 0.000231

NKA 876 22.74 36 0.0549 0.000251

FBK 900 19.09 33.5 0.0510 0.000241

OTT 308 18.89 12.1 0.0153 0.0000845

SHL 291 19.42 12.6 0.0187 0.000101

STR 314 14.3 13.2 0.0273 0.000135

TNY 258 9.65 12.8 0.0283 0.00013

INV ALL - 117.16 47 0.0227 0.000131

INV SUS - 95.27 30.3 0.0207 --

INV KEN - 23.71 18.8 0.0278 --

NAT - 62.22 72.8 0.0360 0.000241
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Pop = populations are as follows: ALC, Alexander Creek; ALL, Alexander Lake; DSK, Deshka 

River; CLK, Lake Clark; NKA, Lake Nerka; FBK, Fairbanks area; OTT, Otter Lake; SHL, Shell 

Lake; STR, Stormy Lake; TNY, Tiny Lake; INV ALL, all invasive; INV SUS, Susitna basin 

invasive; INV KEN, Kenai Peninsula invasive; NAT, all native.

Pvt, number of private alleles in the population; N, number of individuals per locus in the 

population; % Poly, percentage of polymorphic loci in the population; HO, observed 

heterozygosity; n, mean nucleotide diversity
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Table 1.3. Pairwise genetic difference (FST) among ten populations of northern pike around Alaska. FST is located above diagonal and

95% confidence intervals, based on 1,000 bootstrap replicates below diagonal. Estimates based on Weir and Cockerham's FST

(1984). Population definitions are located in Table 1.1.

ALC ALL FBK DSK CLK NKA OTT SHL STR TNY
ALC - 0.047 0.491 0.060 0.449 0.411 0.140 0.062 0.581 0.591

ALL 0.037,
0.058 - 0.515 0.164 0.482 0.432 0.273 0.164 0.625 0.638

FBK 0.469,
0.514

0.491,
0.538 - 0.488 0.376 0.339 0.532 0.511 0.505 0.502

DSK 0.049,
0.072

0.141,
0.19

0.466,
0.513 - 0.439 0.402 0.111 0.074 0.589 0.603

CLK 0.430,
0.472

0.464,
0.505

0.353,
0.401

0.420,
0.463 - 0.282 0.478 0.468 0.409 0.411

NKA 0.389,
0.430

0.411,
0.454

0.317,
0.36

0.377,
0.423

0.264,
0.302 - 0.439 0.422 0.377 0.372

OTT 0.123,
0.157

0.247,
0.303

0.511,
0.556

0.091,
0.130

0.457,
0.506

0.418,
0.464 - 0.136 0.636 0.668

SHL 0.051, 0.139, 0.488, 0.065, 0.448, 0.398, 0.113, 0.611 0.6320.074 0.195 0.534 0.086 0.491 0.445 0.159

STR 0.552, 0.599, 0.484, 0.56, 0.385, 0.354, 0.607, 0.585, 0.1610.603 0.644 0.526 0.612 0.432 0.408 0.661 0.634

TNY 0.557, 0.612, 0.483, 0.569, 0.388, 0.348, 0.642, 0.606, 0.144,
0.613 0.656 0.523 0.625 0.432 0.397 0.691 0.655 0.184



Appendices

Appendix 1.A. Filters applied by the ipyrad pipeline and number of loci lost at each stage.

Total

Filters

Applied

Order

Retained

Loci

Total Prefiltered Loci 52441 0 52441

Remove Duplicates 849 849 51592

Max Indels 815 815 50777

Max SNPs 589 14 50763

Max Shared Heterozygosity 300 248 50515

Min per Sample 34773 34242 16273

Max Alleles 1332 128 16145

Total Filtered Loci 16145 0 16145
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Appendix 1.B. Measures of genetic diversity from other RAD-seq studies of fishes.

51

Authors Species n He Ho Fst Fis

Guo et al. 2015 Gasterosteus 
aculeatus

0.00358* 0.297 -- 0.02825 --

Hillen et al 2017 Dicentrarchus labrax -- 0.201 0.205 0.221 0.026
Maroso et al. 2016 Coryphaena 

hippurus
-- 0.255 0.254 0.0729 0.006

Siccha-Ramirez et al. 2018 Thunnus albacares -- 0.18 0.24 -- --
Siccha-Ramirez et al. 2018 Scomberomorus 

brasiliensis
-- 0.24 -- -- --

Stobe et al. 2017 Labeobarbus
natalensis

0.278
(0.0035)*

0.270
(0.0034)*

0.373
(0.0047)*

-- -0.218
(0.003)

Attard et al. 2017 Macquaria ambigua -- 0.244 - 0.281 0.222 - 0.326 0.024 -.089
Brauer et al. 2016 Nannoperca australis -- 0.161 0.123 0.3 --
Skovrind et al. 2016 Leuciscus idus -- 0.23 0.231 0.135 - 0.2891

0.001 - 0.0472
--

Black et al. 2017 Cyprinodon bovinus -- 0.29 0.301 0.062 --
Perez-Portela et al. 20181 Pterois volitans 0.256 0.241 0.116 0.273
Jalbert et al. 2018I Esox lucius 0.00273 -- 0.0326 0.424 --

Notes: * indicate author specified measurements taken from all SNPs, variable and fixed. 

I indicate invasive species.
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Chapter 2: Vulnerability of Pacific salmon to invasion of northern pike (Esox lucius) in 
Southcentral Alaska2

2 Jalbert, C.S., Falke, J.A., Westley, P.A.H, Lopez, J.A., Dunker, K.J. and Sepulveda, A.J. 2018. Vulnerability of Pacific 
salmon to invasion of northern pike (Esox lucius) in Southcentral Alaska. Formatted for the Canadian Journal of 
Fisheries and Aquatic Sciences.

Abstract

Worldwide invasion and range expansion of northern pike (Esox lucius) have been linked 

to the decline of native fishes and new techniques are needed to predict the vulnerability of 

habitats to invasion over broad geographic scales. We combined intrinsic potential habitat 

modeling with a Bayesian network to evaluate the vulnerability of five Pacific salmon species 

(Oncorhynchus spp.) to invasion by northern pike for 22 875 km of stream reaches in the 

Matanuska-Susitna basin, Alaska, USA. Pink salmon were the most vulnerable species, with 

15.2% (2 458 km) of their known extent identified as “highly” vulnerable, followed closely by 

chum salmon (14.8%; 2 557 km) and coho salmon (14.7%; 2 536 km). We found 1 001 km of 

highly vulnerable streams that were shared by all five Pacific salmon species. Our framework is 

easy to implement, adaptable to any species or region, and cost effective. With increasing threats 

of species introductions, fishery managers need new tools like those described here to efficiently 

identify critical areas, especially when management resources are limited.

Introduction

Biological invasions are a leading cause of native biological diversity loss worldwide 

(Elton 1958, Moyle and Leidy 1992, Vitousek et al. 1996, Mooney and Cleland 2001). Increased 

reliance on freshwater systems for agriculture, hydropower, transportation, food, and recreation 

has led to the modification and simplification of river networks worldwide, increasing rates of 

disturbance and facilitating dispersal that often results in species range expansions (Vitousek et 
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al. 1996, McKinney and Lockwood 1999). A subset of these introduced non-native species 

become invasive (sensu Davis et al. 2011) resulting in substantial environmental and economic 

impacts, with the latter estimated to amount to billions of US dollars per year (e.g., Eurasian 

Zebra Mussel, Dreissena polymorpha; Vitousek et al. 1996). In contrast, due to direct and 

indirect effects, the environmental costs caused by these invasions are difficult to quantify. As 

such, strategies to guide conservation efforts for native species and management of non-native 

species must be assessed across broad geographic extents (Vander Zanden et al. 2004, Vander 

Zanden and Olden 2008, Olden et al. 2011).

Vectors for species transport often include unintentional routes such as ballast water 

releases (Rahel 2007), and intentional methods like illegal introductions by humans to boost 

recreational hunting or fishing activity (Johnson et al. 2009). Although stocking fish can benefit 

anglers by increasing desired recreational fishing opportunities in an area, it can lead to 

detrimental consequences for native fauna including competition with other prized sportfish or 

extirpations of native fishes (Moyle and Light 1996b, Johnson et al. 2009). Illegal stocking has 

led to the rapid range expansion of numerous species resulting in a reduction in the diversity of 

freshwater fauna worldwide (Rahel 2002, 2007, Cambray 2003, Fausch and García-Berthou 

2013). These intentional introductions can result in complex ecological consequences, even in 

relatively pristine ecosystems, especially when the invader is a top predator (Moyle and Light 

1996a).

Worldwide invasion and range expansion of the highly predatory northern pike (Esox 

lucius; hereafter referred to as pike) have been increasing (McMahon and Bennett 1996, Johnson 

et al. 2009). In Alaska, pike are an ecologically and culturally important native fish species north 

and west of the Alaska Mountain Range, but do not naturally occur south of the range with the 
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exception of what is thought to be a post-glacial relict population near Yakutat, Alaska (Morrow 

1980). In the 1950s, a floatplane pilot purportedly translocated pike from a native population in 

Minto Flats (65.00384, -149.20029) to Bulchitna Lake in the Susitna River basin with the 

intention of holding pike fishing derbies (Bulchitna Lake residents, personal communication, 

2017). A small dam at the outlet of Bulchitna Lake was constructed to contain pike within the 

lake, but the occurrence of pike throughout Southcentral Alaska suggests that containment failed 

or that introductions were common and widespread (Figure S1). This illegal stocking event is 

thought to be the initial source of pike in the 60 000 km2 Matanuska-Susitna basin (Haught and 

von Hippel 2011, Dunker et al. 2018). Additional illegal stocking events occurred in the 1960s 

into Alexander Lake (Susitna, Alaska, USA) as well as in lakes on Alaska's Kenai Peninsula 

(1970s), resulting in further establishment of pike populations (Dunker et al. 2018). Despite 

widespread concern about the impacts of pike, particularly on native Pacific salmon, little is 

known about invasive pike in Alaska (but see Patankar et al. 2006, Haught and von Hippel 2011, 

Sepulveda et al. 2013, 2015, Dunker 2014, Dunker et al. 2016, 2018). These studies have 

focused on diet, extirpation of native species, or eradication within single waterbodies (lakes or 

rivers), but a broad-scale assessment of current and future impacts of pike across Southcentral 

Alaska has not been conducted.

In Alaska, the invasion of pike has been linked to the rapid decline of multiple salmonid 

(salmon and trout) species (Rutz 1999, Dunker et al. 2018) as well as the extirpation of a rare 

weakly-armored threespine stickleback (Gasterosteus aculeatus) ecotype in Prator Lake, Alaska 

(Patankar et al. 2006; Rutz 1996; 1999; Sepulveda et al. 2015; 2013). Extirpation of species by 

introduced piscivores can be due to naivety of the prey to a novel predator (Sih et al. 2010) in 

habitats that lack sufficient habitat refugia. Since fish populations in Southcentral Alaska were 
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founded by colonizers following the end of the last glacial epoch, these communities have 

existed for approximately 10 000 years without pike. Thus, extirpations are likely to continue as 

pike spread throughout the invaded Matanuska-Susitna basin. Pike require slow moving, 

shallow, well-vegetated aquatic habitats to complete their life cycle and rely on vegetation for 

embryo and larval development (Casselman and Lewis 1996, Jacobsen and Engstrom-Ost 2018). 

This habitat type, common to Southcentral Alaska, also plays a key role in the life cycle of 

juvenile salmon (Bjornn and Reiser 1991). Diet analyses have identified juvenile salmon as the 

preferred prey of pike in their invaded range (Rutz 1999, Sepulveda et al. 2013, 2015) due to 

pike's preference for soft-rayed fishes (Eklov et al. 1989) and their overlapping habitat use with 

juvenile salmon (Dunker et al. 2018). Thus, determining the extent to which salmon and pike 

may overlap is crucial for predicting the future impacts of the invasion and informing 

management decisions given the scale of the landscape and limited resources.

Substantial work to suppress or eradicate pike by the Alaska Department of Fish and 

Game (ADFG) has been completed or is underway to combat declining salmon populations in 

Southcentral Alaska. Estimated costs of the program were approximately $5 million for the 

period between 2008 and 2018, and to date pike have been successfully removed from 22 water 

bodies in the Anchorage, Yakutat, and Kenai areas where the species was present as a result of 

illegal stocking followed by dispersal throughout open systems (Dunker et al. 2018). With 

current management strategies, eradication of pike is unlikely to be achieved from all 

waterbodies in the Matanuska-Susitna basin, which spans an area approximately the size of 

Indiana, USA, due to abundant and highly-connected habitats and the remote nature of the 

system. Owing to limited resources, new tools are needed to allow triage of this invaded system 
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and prioritize areas on the landscape where threats to native populations from invasive pike are 

greatest.

The specific goal of this study was to provide the first assessment of the vulnerability of 

five Pacific salmon species (Chinook, Oncorhynchus tshawytscha; chum, O. keta; coho, O. 

kisutch; pink O. gorbuscha; and sockeye, O. nerka) to the ongoing invasion of pike in 

Southcentral Alaska, with the ultimate aim of guiding conservation prioritization efforts. Across 

the invaded and potentially invaded range of the Matanuska-Susitna basin, our objectives were 

to: 1) estimate the location, quantity, and potential of suitable pike habitat, 2) assess the overlap 

of high potential juvenile salmon and pike habitat using habitat suitability models, 3) quantify 

natural and human-mediated colonization throughout the stream network, and 4) combine these 

factors into a Bayesian network to estimate the vulnerability of each salmon species to pike 

invasion.

Materials and methods

Study area

The Matanuska-Susitna basin covers approximately 63 000 km2 in Southcentral Alaska 

and is composed of two major watersheds, the Matanuska and the Susitna, that drain major 

portions of the southern Alaska Range mountains (Figure 1). Formed though glacial processes, 

the basin is surrounded by mountains, with the Alaska Mountain Range to the north, the 

Chugach and Talkeetna Mountains to the east, the Aleutian Mountain Range to the west, and 

Cook Inlet to the south. The riverine landscape is predominantly lowlands and contains 

thousands of lakes and ponds and over 38 000 km of streams and rivers draining into Cook Inlet. 

This complex habitat supports a diversity of native fishes, including: Chinook salmon, chum 

salmon, coho salmon, pink salmon, and sockeye salmon, rainbow trout and steelhead (O. 
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mykiss), Arctic grayling (Thymallus arcticus), dolly varden (Salvelinus malma), burbot (Lota 

lota), eulachon (Thaleichthys pacificus), longnose sucker (Catostomus catostomus), threespine 

(Gasterosteus aculeatus) and ninespine (Pungitius puntitius) stickleback, multiple whitefish 

(Coregonus spp. and Prosopium spp.), lamprey (Lethenteron spp. and Entosphenus spp.), and 

sculpin (Cottus spp.) species. Introduced in the 1950s, pike and Alaska blackfish (Dallia 

pectoralis) are also found throughout waterbodies of the Matanuska-Susitna basin (Kirsch et al. 

2014).

Model of Pacific salmon vulnerability

We used a Bayesian network approach to assess the vulnerability of the five Pacific 

salmon species to invasion by pike in the Matanuska-Susitna basin, Alaska. Bayesian networks 

provide formal decision support for natural resource issues, and frequently incorporate habitat 

suitability models (Peterson et al. 2008, Falke et al. 2015) and climate scenarios (Peterson et al. 

2013), to provide quantitative solutions to ecological problems (see McCann et al. 2006 for 

summary). Bayesian networks allow for the integration of qualitative and quantitative 

information from various sources and the prediction of outcomes for different scenarios (Marcot 

et al. 2006). They track uncertainty through each stage of the network and are easily modified to 

incorporate new information or data as they become available (Uusitalo 2007). These factors 

make Bayesian networks a useful tool with which to assess the vulnerability of ongoing 

invasions, as new information is regularly available, and management decisions often require 

multiple types and sources of data.

Three main variables (nodes) were included in the quantification of vulnerability within 

our Bayesian network: natural colonization, human-mediated colonization, and habitat overlap. 

As a first step, arrows representing cause and effect relationships were drawn between related 
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nodes, and probability tables representing the response of the node were created (Figure 2). 

Attributes contributing to these nodes were calculated as described below. A conditional 

probability table was created for each major node within the Bayesian network (Appendix B - 

D). The conditional probability tables quantify the response and uncertainty from parent nodes to 

each child node and were populated by examining published and unpublished data and utilizing 

expert opinion. We used Netica version 6.04 (Norsys Software Corp. 2017) to create and 

visualize the Bayesian network and conditional probability tables with node names, definitions, 

and states shown in Appendix E. All input nodes and their associated conditional probabilities, 

except the Pacific salmon intrinsic habitat potential node, remained constant among salmon 

species.

All statistical analyses were performed using the programs R version 3.5.0 (R Core Team 

2017) and Netica version 6.04 (Norsys Software Corp. 2017). Spatial analyses were completed 

with R and ArcMap 10.4 (Environmental Systems Research Institute 2015, Redlands, 

California). All custom python scripts, R scripts, and ArcMap toolboxes are available upon 

request.

Model components

Our Bayesian network consisted of four components, which we discuss in detail below: 

the stream network, habitat potential within the stream network, natural colonization by pike, and 

human-mediated colonization by pike.

Stream network

Stream attributes were derived using a NetMap synthetic stream network which was 

created through a combination of 1 m IfSAR (interferometric synthetic aperture radar) and 5 m 

LiDAR (light detection and ranging) digital elevation models (DEMs) throughout the
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Matanuska-Susitna basin (Benda et al. 2007). Clarke et al. (2008) describe the procedure used 

for generating NetMap stream attributes using flow accumulation and channel delineation 

algorithms. The NetMap stream network consisted of ca. 100 m (mean = 98.7 m ± 11.5 m [SD]) 

long stream reaches attributed with geomorphic characteristics (e.g., gradient, reach width, 

floodplain width, drainage area, etc.).

The final Matanuska-Susitna basin stream network extent used in our analyses consisted 

of 22 875 km of streams with upstream area > 5 km2. The study area contained low-gradient 

reaches that averaged 0.029% (SD = 0.051%) and average elevation was 556 m (SD = 416 m). 

The Matanuska-Susitna basin contained 18 719 lakes with an average area of 0.0447 km2 (SD = 

0.840 km2). On average, lakes had a maximum length of 236 m (SD = 420 m) and a fetch (see 

below for calculation) of 216 m (SD = 326 m).

Vulnerability of Pacific salmon

Habitat potential

Due to the difficulty of characterizing fish habitat quality at the stream reach-scale (102 -

103 m) over large portions of the landscape, habitat suitability models based on stream 

geomorphology, termed intrinsic potential models (IP; Burnett et al. 2007), have been developed 

to provide estimates of potential habitat for a species. Intrinsic potential models have been used 

to predict the distribution of salmonid habitat in the Pacific Northwest region of the 

conterminous U.S. and Alaska (Burnett et al. 2007, Bidlack et al. 2014, Matter et al. 2018). 

Generally, IP models use static (over ecological time scales), reach-scale, geomorphic attributes 

(e.g., channel confinement, gradient, floodplain width) to assign a suitability value for a species 

(Burnett et al. 2007). Suitability values are generated based on previous knowledge of the 

organism's habitat preferences and requirements. Intrinsic potential models can be generated for 
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different life stages (Agrawal et al. 2005, Shallin Busch et al. 2013), allowing for a greater 

understanding of the impacts of predation on juveniles or sensitivity to habitat alteration on 

adults (Burnett et al. 2007).

We used an intrinsic potential (IP; Burnett et al. 2007) approach to rank and estimate the 

distribution of habitat potential for each of the five Pacific salmon species and pike across the 

Matanuska-Susitna basin and to identify sites likely to provide habitat for salmon and pike and 

assess among-species habitat overlap. Habitat suitability for inclusion into the IP model was 

assigned on a scale of zero to one, with zero representing unsuitable and one representing fully- 

suitable habitat. Burnett et al. (2007) recommend three attributes for calculating the IP score of a 

reach as optimal. Generally, suitability scores are assigned based on expert opinion or empirical 

data for a given attribute value. The overall IP score is calculated as the geometric mean of the 

reach-specific suitability rankings for each of the selected attributes using

(1) IPi = the cubic root of (x1i * x2i * x3i)

where, x1, x2, x3 represent suitability rankings for three attributes in stream reach i.

The geometric mean is used to allow the least suitable attribute to carry the most overall 

weight in determining habitat suitability, thus zero values for any attribute will cause the overall 

IP to equal zero (i.e., low or no habitat potential). In the following section, we provide a detailed 

description of our specific IP calculations for Pacific salmon and pike in the Matanuska-Susitna 

basin. For all IP model development, we relied on previously identified fish-attribute 

relationships (salmon: Bidlack et al. 2014, Woll 2015, Romey 2018; pike: Inskip 1982, Raat 

1988, Kirsch et al. 2014; R. Shaftel, Alaska Center for Conservation Science, unpublished data, 

2017) or expert opinion when empirical data were not available.
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Northern pike

We created IP models for pike in the Matanuska-Susitna basin based on expert opinion 

and by examining previously established relationships from the literature between pike presence 

and landscape attributes in their native range. We selected three attributes, gradient (% GRAD), 

elevation (ELEV_M), and floodplain width (FP_WIDTH; Figure 3), previously identified as 

important predictors of pike in their native range to build the IP (Kirsch et al. 2014; R. Shaftel, 

unpublished data, 2017).

Inskip (1982) hypothesized the relationship between pike and gradient for use in habitat 

suitability models. Generally, pike require standing or slow-moving water, thus high gradient 

streams characterized by faster flowing waters are thought to be unsuitable for pike. Moreover, 

gradient likely acts as a physical barrier for pike and limits their natural movement into upstream 

reaches (Inskip 1982). Our index curve assumes high habitat potential (suitability = 1) in areas of 

low gradient and little to no suitability for reaches with gradients > 0.5 % (Figure 3a). Elevation 

(meters above sea level) is an important predictor of pike presence in the Matanuska-Susitna 

(Kirsch et al. 2014) and the Yukon-Kuskokwim (Southwest Alaska; R. Shaftel, unpublished data, 

2017) areas. Further, elevation often serves as a proxy for many other factors known to influence 

the distribution of fish (e.g., climate, vegetation, water chemistry (Schmitt et al. 1993, Shallin 

Busch et al. 2013).We parameterized an index curve using data from previous studies and expert 

opinion. Our curve assumes high habitat potential for low elevation reaches (suitability = 1, 0 - 

200 m) and no habitat potential for reaches greater than 200 m elevation (Figure 3b). Finally, 

floodplain width (m) was selected because larger floodplains provide more complex off-channel 

habitat which is necessary for adult and juvenile pike, and likely serves as a proxy for the 

presence of aquatic vegetation that is required for the pike life cycle (Crossman 1991, Casselman 

62



and Lewis 1996, Dunker et al. 2018). The index curve for floodplain width classifies constrained 

reaches (< 50 m) as low suitability and reaches with large floodplains (> 500 m) highly suitable 

for pike (Figure 3c). We used the previously discussed attributes to calculate final IP scores 

(Equation 1) for stream reaches in the Matanuska-Susitna basin using the NetMap tools 

extension (Benda et al. 2007) for ArcGIS.

Juvenile Pacific salmon

We modified existing juvenile Pacific salmon rearing habitat IP models and applied the 

results to the Matanuska-Susitna basin study area to assess potential for overlap between juvenile 

Pacific salmon rearing habitat areas and pike. Here, salmon rearing habitat is defined as the 

freshwater habitat in which juvenile salmon have adequate food, shelter, and water conditions to 

survive and grow. Woll (2015) created habitat suitability models for coho salmon and sockeye 

salmon by examining previous studies, collecting empirical data, and through expert opinion. 

Custom python scripts (ArcPy for ArcGIS), provided by Woll (2015), for calculating stream 

attributes and salmon habitat suitability were modified for compatibility with the NetMap 

synthetic stream network and to more closely follow the IP methodology utilized for the other 

species. Specifically, since we were interested in the total habitat potential across our entire study 

extent, references to known barriers to fish passage and known species distribution data, based 

off the State of Alaska Anadromous Waters Catalog (AWC; Alaska Department of Fish and 

Game 2008) were removed from calculations. Romey (2018) created IP models for pink salmon 

and chum salmon in southeast Alaska, for inclusion in the NetMap toolset (versions > 3.1.6). We 

applied this model to the Matanuska-Susitna datasets without modification. Finally, an IP model 

for Chinook salmon in the Copper River watershed (Southcentral Alaska; Bidlack et al. 2014) 

was applied to the Matanuska-Susitna basin. Attributes included in the model were mean annual 
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flow (m3∙s-1), gradient (m∙m-1), and glacial area (% coverage). Mean annual flow and gradient 

were attributes from the NetMap dataset. We calculated the proportion of watershed glacial 

coverage upstream of each focal stream reach by selecting all glaciers from the NHDWaterbody 

layer (United States Geological Survey 2004) and using the upstream proportion tool found in 

the NetMap toolset extension for ArcGIS.

Habitat overlaps

To examine the overlap between potential pike habitat and potential salmon rearing habitats, we 

assigned three classes (low, moderate, or high) of overlap using conditional probability tables 

within Netica (Appendix A). We assessed overlap between pike and salmon for the five Pacific 

salmon species separately. Finally, we determined the quantity and location of ‘highly- 

vulnerable' habitat shared between all salmon species.

Natural colonization

Northern pike dispersal

Colonization of new waterbodies by pike was modeled as a function of the species' 

estimated dispersal abilities and barriers to movement. The ADF&G Northern Pike Waters 

Catalog version 5 (PWC; Alaska Department of Fish and Game 2018) lists all known vulnerable, 

probable, and invaded lakes in the Matanuska-Susitna basin. We selected all PWC lakes with 

known pike populations (Status = ‘Known', or ‘Suppression') that are connected to the stream 

network (Connectivity = ‘2','3','4','5'). Lakes with inconclusive status determinations 

(‘probable', ‘vulnerable', or ‘unconfirmed') or that were classified as landlocked were not 

included in analyses. Since introduction, pike have dispersed and colonized throughout the 

stream network and are now established in at least 75 lakes (Alaska Department of Fish and 

Game 2018). Invaded lakes were considered putative source populations and the hydrologic 
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distance (km) from the closest source population to each stream reach was calculated using 

STARS version 2.0.6 (Peterson and Ver Hoef 2014) toolbox in ArcMap. These tools were used 

to create a landscape network (i.e., ESRI geodatabase used for storing spatial relationships) 

which was converted into a spatial stream network so in-stream distances from each stream reach 

to the nearest invaded lake could be calculated using R.

The fishmove (0.3-3) R package (Radinger and Wolter 2014) was used to fit a pike

specific leptokurtic dispersal kernel (Fraser et al. 2001), providing a probability of occurrence as 

a function of distance from source. Predictions were based on parameters from a multiple 

regression of four variables (Radinger and Wolter 2014): fish length, caudal fin aspect ratio, 

stream order, and time. The authors found these four explanatory variables were the most 

informative fish morphometry and river characteristics when explaining dispersal within a 

stream network. The morphometric variables, aspect ratio of caudal fin and fish length, have 

been linked to swimming ability with caudal fin shape thought to be an indicator of the mode of 

locomotion employed by the species (for discussion see Radinger and Wolter 2014). We set the 

average fork length to 450 mm which approximates the overall average length of many 

populations in the Matanuska-Susitna basin (Berghaus et al. in prep), time was set to 365 days, 

and caudal fin aspect ratio and stream order were calculated as per the defaults for pike (1.39 and 

6th, respectively). The default parameters utilized by fishmove (i.e., aspect ratio) were originally 

derived by (Pauly 1989) and later incorporated into fishbase.org (Froese and Pauly 2018).

Barriers

The Alaska Department of Fish and Game Fish Passage Inventory Database (FPID) was 

used to identify potential anthropogenic barriers to natural pike movement in the Matanuska- 

Susitna basin (Eisenman and Doherty 2014). Culverts identified as barriers to fish movement 
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were assumed to be barriers to natural colonization for pike (RGG ranking = “red”; FPID 

database, January 2018). Red culverts were used to limit the extent of the stream network when 

considering dispersal from a source. Specifically, if red culverts were located between a pike 

source population and a stream reach, the distance from source-to-reach for the upstream reaches 

was marked as state = 0, as natural colonization is unlikely to occur.

Human-mediated colonization

Floatplane

Human vectors were considered important to this analysis as they have been implicated 

in the movement of pike throughout the system (Dunker et al. 2018). Two major anthropogenic 

vectors of introduction within the Matanuska-Susitna basin were identified as movement by air 

and road. Schwoerer (2017) identified float planes as dispersal mechanisms for invasive plants 

within the region given the lack of road access on the westside of the Susitna River basin. A 

survey of float plane pilots in the Matanuska-Susitna basin classified the size of lakes that pilots 

of single-engine aircraft can utilize and common origins and destinations (Schwoerer 2017). The 

most prominent origin was Lake Hood (Anchorage, AK), initiating approximately 66 % of all 

Matanuska-Susitna bound flights. These data were used to identify the number and identity of 

lakes which were susceptible to introduction by air.

Lake fetch, or the maximum length of a waterbody over which wind can blow, was 

identified as crucial in determining pilots' ability to land on a given lake (Schwoerer 2017). 

Thus, fetch was calculated for 18 719 lakes within the Matanuska-Susitna basin. Due to the 

computational complexity of calculating fetch, a relationship between maximum lake length and 

lake fetch was derived and utilized as a proxy. Although not available for Alaska, the National 

Hydrography Database (NHDPlus Version 2) contains numerous lake metrics for 363 313 lakes 
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in the contiguous United States. These data were used to parameterize a simple linear regression 

between lake fetch and maximum lake length (R2 = 0.916; P < 0.001)

(2) Fi = 0.778*Li + 32.1097

where Fi represents fetch of lake i and Li represents the maximum length of lake i.

We calculated the maximum length of lakes (FType = 390; NetMap dataset) within the 

Matanuska-Susitna basin using the minimum bounding geography tool in ArcMap. The tool 

calculates the length and width of the smallest rectangle which fits around a lake polygon. We 

assumed the longest measure of the bounding rectangle to be representative of maximum lake 

length. Finally, we calculated lake fetch using the established relationship between maximum 

lake length and fetch (Equation 2), for all lakes. Float plane accessible lakes were identified and 

ranked according to the type of aircraft and minimum fetch of the destination (Appendix F). 

Lakes were ranked from one to five with the higher rankings being available to all previous ranks 

(i.e., lakes of rank two support two classes of aircraft). The Matanuska-Susitna basin dataset was 

split into unique 12-digit hydrologic unit codes (HUC; hereafter ‘subwatershed'; United States 

Geological Survey 2013). After assigning each lake a plane ranking, we summed the ranks of all 

lakes within each subwatershed. Lakes residing along the boundary of multiple subwatersheds 

were counted towards the total for each subwatershed. Finally, we assigned the summed lake 

value to all reaches residing within the bounds of each subwatershed, using a spatial join in 

ArcMap. This provided an estimate of single-engine aircraft accessibility to reaches within each 

subwatershed.

Roads

Anthropogenic infrastructure such as boat launches or public waterbody access sites are 

commonly used to predict presence of invasive aquatic species (Johnson et al. 2001, 2008,
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Vander Zanden and Olden 2008). We used distance from an individual stream reach (m) to the 

nearest road as a proxy because data on boat launches and access sites are not available for our 

study area. Waterbodies close to roads are more likely to contain invasive species as a result of 

human-mediated introductions than waterbodies located farther away (van Kleef et al. 2008, 

Kaufman et al. 2009, Kizuka et al. 2014). We identified 4 776 km of major roadways and trails, 

all of which serve as potential conduits of invasion or movement using the Matanuska-Susitna 

Borough Open Data Infrastructure Roads MSB layer (Matanuska-Susitna Borough 2018). We 

calculated the Euclidian distance from the closest point along each stream reach to the nearest 

road in ArcMap using the “near” tool.

We binned measurements of distance from each reach to the closest road into three 

categories, close (< 1 200 m), moderate (1 201 - 3 600 m), and far (>3 600 m; Table 1) to 

determine and assign input node probabilities for human-mediated colonization. We calculated 

the sum of plane accessible lakes within each subwatershed and grouped them into four 

categories (none: 0; low: 0 - 10; moderate: 11 - 20; high: > 20). The human-mediated 

colonization node consisted of three states (low, moderate, and high) which were calculated 

using a conditional probability table (Appendix D).

Species-specific vulnerability

We utilized the leptokurtic dispersal kernel established using fishmove and examined the 

location of known barriers to fish movement to calculate the probability of natural colonization. 

We grouped in-stream distances to the closest known pike source into three categories (close: < 1 

000 m; moderate: 1 000 - 10 000 m; far: > 10 000 m), based off the calculated movement 

capabilities of pike. We classified stream reaches into two groups, whether they were located 

above (1) or below (0) known barriers to fish passage. Barriers to fish movement in the
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Matanuska-Susitna basin were Devil's Canyon (62.826417, -149.36673) and red culverts as 

identified by the FPID. The natural colonization node consisted of four states (none, low, 

moderate, and high).

We assessed the probability of habitat overlap between pike and each salmon species by 

classifying habitat IP into three categories (low, moderate, high). Intrinsic potential for pike, 

Chinook salmon, chum salmon, and pink salmon were classified based on a continuous scale 

(low = 0 - 0.25; moderate = 0.25 - 0.75; high = 0.75 - 1). Coho salmon and sockeye salmon 

habitat suitability were classified based on a discrete scale (low = 0 - 1; moderate = 2 - 3; high = 

4). We based the conditional probability table for habitat overlap on known relationships 

between salmon and pike, and expert opinion (Appendix B).

We assessed the final node in our Bayesian network, vulnerability to invasion by pike, 

separately for each of the five Pacific salmon species. Vulnerability was estimated as a function 

of the three major nodes (habitat overlap, natural colonization, and human-mediated 

colonization) and their input nodes. The output probability was classified into three states (low, 

moderate, or high) based on a weighted conditional probability table (Appendix E). We built the 

conditional probability table by assigning weights to the classes within the three major nodes, 

weighting both within and among nodes (Appendix G). We assumed habitat overlap to be most 

informative to vulnerability assessment, thus assigning the highest weights (low: 0; moderate: 

50; high: 100). Natural colonization was weighted as roughly half of habitat overlap (none: 0; 

low: 5; moderate: 25; high: 50). Finally, human-mediated colonization was assigned a lower 

weight (low: 0; moderate: 5; high: 10) due to the presumed lower likelihood of human-mediated 

stocking events in the region.
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We assigned final probabilities by summing the conditional probability table inputs and 

sorting numerically based on this rank. We assigned a “high” vulnerability probability to the 

conditional probability table input with the highest rank (160). Similarly, a “low” probability was 

assigned to the input with the lowest rank (0). Inputs with identical ranks were considered 

identical and given matching vulnerability probabilities. We used the midpoint of the ranks (80) 

as the inflection point for our vulnerability probabilities with conditional probability table inputs 

below this weighted towards low vulnerability and inputs above weighted towards high 

vulnerability. Finally, we projected the states from each major node onto the river network by 

exporting the terminal node and summed the total length (km) of stream reaches falling into each 

category (low, moderate, high) within each of the nodes: habitat overlap, human-mediated 

colonization, natural colonization, and vulnerability.

Model sensitivity

We performed a sensitivity analysis within Netica to determine the influence of input 

variables on each outcome variable in the model. The degree of sensitivity of one node to 

another was calculated using the mutual information (i.e., entropy reduction) method.

Results

Habitat potential

Northern pike

Intrinsic potential modelling estimated 6% (1 364 km) of the Matanuska-Susitna basin to 

be highly suitable for pike and 84% (1 146 km) of highly suitable pike habitats were located in 

the lower portion of the basin (subwatershed Yenta River and Lower Susitna River). We 

identified an additional 10% (1 858 km) of the Matanuska-Susitna basin as moderately suitable 

habitat with 78% of this residing in the two previously mentioned lower basin subwatersheds.

70



The remainder of the basin was predicted to have low habitat suitability for pike because the 

reaches were at higher elevations (mean = 655 m ± 387 m [SD]) and gradients (mean = 0.035% 

± 0.055% [SD]) or had little floodplain area (mean = 197 m ± 378 m [SD]) (Figure 4).

Juvenile Pacific salmon

Consistent with distinct life history and habitat requirements, Pacific salmon habitat 

potential differed among species (Figure 4). Coho salmon was predicted to have access to the 

most high-potential habitat (7 904 km), followed closely by chum salmon (7 760 km) and pink 

salmon (7 585 km). Finally, we predicted 2 326 km of high-quality Chinook salmon habitat but 

only 22 km of high potential sockeye salmon habitat due to their reliance on lakes for rearing. 

Despite a seeming lack of high-quality habitat, we identified Chinook salmon as having the 

highest available moderate-quality (IP = 0.25 - 0.75) habitat (9 623 km), followed by pink 

salmon (5 379 km), coho salmon (4 267 km), chum salmon (3 857 km), and sockeye salmon (3 

828 km).

Habitat overlaps

The probability of overlap between pike and salmon rearing habitat differed by species 

with coho salmon showing the greatest “high” habitat overlap with 3 555 km of stream reaches 

(21% of available habitat), falling within this class. Coho salmon were followed by chum salmon 

(3 450 km, 20%), pink salmon (3 085 km, 18%), Chinook salmon (1 980 km, 11%) and finally 

sockeye salmon (1 364 km, 8%). Chinook salmon had the highest “moderate” class with 7% of 

their available habitat (1 237 km) located in this class. All other species had relatively low levels 

of moderate overlap, with coho salmon, chum salmon, sockeye salmon, and pink salmon 

experiencing between 1% - 4%, respectively. Overall, most of the potential habitat, for all 

salmon species, was classified in the “low” probability of overlap class (78% - 89%). There was 
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little predicted habitat overlap upstream of barriers. Chum salmon, coho salmon, and pink 

salmon each demonstrated 107 km of “high” and “moderate” class habitat overlap. There were 

95 km of Chinook salmon streams in these two classes and only 24 km of sockeye salmon 

streams.

Natural colonization

Northern pike dispersal and barriers to colonization

We identified 67 potential lakes that may serve as sources of pike colonists within the 

study area, one natural barrier (Devil's Canyon, Susitna, AK), and 137 artificial culvert barriers 

to fish passage. Of the stream reaches excluded by barriers, 200 km were identified as close (<1 

km; natural colonization class = high) to a known pike source but were not likely to be naturally 

invaded. The leptokurtic dispersal kernel predicted a kernel probability of 16% for pike within 

the Matanuska-Susitna basin dispersing 1 km and a probability of 4.5% for pike dispersing 10 

km, over a one-year period (365 d).

Overall, approximately 5 586 km (24 %) of the Matanuska-Susitna basin was identified 

as unavailable for natural colonization due to barriers. Pike do not appear to be limited by 

barriers as we identified 19 km (1.4 %) of high-quality and 88 km (4.7 %) of moderate-quality 

habitat located above known barriers. Pink salmon were the most range restricted with 2 792 km 

(37%) of high-quality habitat located upstream of known barriers. They were followed closely by 

coho salmon with 2 515 km (32%) and chum salmon with 2 326 km (30%) of high-quality 

habitat located upstream of known barriers. We predicted a relatively small amount of high- 

quality Chinook salmon habitat (305 km; 13%) above barriers but 4 058 km of moderate-quality 

habitat. Coho salmon, pink salmon, chum salmon, and sockeye salmon had much less moderate

quality habitat above barriers, ranging from 771 km - 1 740 km.
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Human-mediated colonization

We found 2 334 km of streams within 1 200 m of major Matanuska-Susitna Borough 

roads (node class = close). There were 1 806 km of streams in the moderate node class for 

distance from roadway (1 200 - 3 600 m). The remaining 19 035 km were located farther than 3 

601 m from the nearest road (node class = far). We identified 2 567 lakes meeting the minimum 

fetch criteria described earlier. Of these, 266 lakes were excluded, based on aircraft range, for the 

smallest aircraft type (rank 1). No other aircraft classes were range-limited to destinations within 

our study area. Lakes large enough to support aircraft had an average area of 0.266 km2 (SD = 

2.26 km2), an average length of 810 m (SD = 922 m), and a fetch of 623 m (SD = 717 m).

Species-specific vulnerability

Chum salmon had the highest risk to invasion as measured by total stream kilometers in 

the “high vulnerability” class (2 557 km). They were followed closely by coho salmon and pink 

salmon with 2 534 km and 2 458 km and less so by Chinook salmon (1 661 km) and sockeye 

salmon (1 196 km). Most of the Pacific salmon highly vulnerable stream reaches were in the 

Yentna River and Lower Susitna River subwatersheds (78%; Figure 5, Table 2). There were 12 

654 km of streams predicted to have moderate vulnerability to invasion with Chinook salmon 

predicted to have the highest (3 235 km; Appendix H). Chum salmon, coho salmon, and pink 

salmon showed similar effects with 2 557 km, 2 534 km, and 2 458 km, respectively. Again, 

sockeye salmon displayed the lowest vulnerability in the class with only 1 196 km of streams.

The mean uncertainty associated with invasion vulnerability across all reaches in the 

basin and for all Pacific salmon ranged from 0.28 to 0.84 (mean ± SD = 0.67 ± 0.07). We 

estimated uncertainty of vulnerability to invasion within Netica, as the standard deviation of the 
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expected value for the final vulnerability node in our Bayesian network, for each reach. Sockeye 

salmon showed the least uncertainty of all salmon (mean ± SD = 0.63 ± 0.05; Figure S5), 

followed by Chinook salmon with a mean uncertainty of 0.66 (0.06 [SD]; Figure S2). The mean 

uncertainty for chum salmon, coho salmon, and pink salmon was approximately 0.69 (0.06 [SD]; 

Figures S2, S4, S6). For all salmon species, much of the high uncertainty areas were located 

relatively low in the basin (i.e., Yentna River and Lower Susitna River subwatersheds) but there 

was also a high degree of uncertainty in the Matanuska sub-basin (Figures S2 - S6), indicating 

that the state assignment was uncertain. Thus, additional variables may be necessary to fully 

explain the vulnerability of salmon in the Matanuska sub-basin.

Overall, the Bayesian network identified pink salmon as the most vulnerable species with 

15.2% of pink salmon extent ranked as high vulnerability (Figures 6, S5). Chum salmon and 

coho salmon were ranked similarly (14.8% and 14.7%, respectively; Figures 5, S3 - S4), 

followed by Chinook salmon with 10.8% of their range ranked as highly vulnerable (Figures 5, 

S2). Finally, sockeye salmon showed the lowest vulnerability in the high class with 8.2% labeled 

as highly vulnerable (Figures 5, S5). We found 1 001 km of streams that were identified as 

highly vulnerable for all five species of Pacific salmon (Figure 5, S7).

Sensitivity analysis

A network sensitivity analysis demonstrated that the Bayesian network performed as 

expected. In the Bayesian network, salmon vulnerability to invasion was most sensitive to habitat 

overlap (variance reduction = 0.1267), followed by natural colonization (0.0221), and human- 

mediated colonization nodes (0.0023), and their components (Table 1; Figure 2).
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Discussion

Managing the impacts of on-going invasions is appropriately likened to triage medicine, 

where the need for interventions far exceed available resources (Sepulveda et al. 2012). Here we 

inform the spatial management of the northern pike invasion of Southcentral Alaska through a 

flexible modeling approach easily extended to other species that combines habitat suitability 

modeling, estimates of connectivity, and Bayesian networks to assess the vulnerability of five 

Pacific salmon species confronted with a novel top predator. Our approach has broad application 

outside of Alaska as pike have been introduced and deemed ‘invasive' throughout much of their 

non-native distribution and are currently threatening the persistence of a variety of native fishes 

(Western United States: Flinders and Bonar 2008, Canada: Nicholson et al. 2015, Spain: Rincon 

et al. 1990, and elsewhere in the Mediterranean: Ribeiro and Leunda 2012). In the face of 

increasing freshwater invasions, assessments such as the current study provide managers with a 

quantitative method to quickly, and more economically, assess the impacts of species 

introductions over large geographic ranges.

Intrinsic potential

Intrinsic potential models proved useful in identifying (1) potential habitat for northern 

pike and (2) juvenile salmon rearing habitat potential over ca. 100 m stream reaches throughout 

the Matanuska-Susitna basin. Intrinsic potential models are based on the relationship between 

fish use and geomorphic attributes assumed to provide estimates of potential habitat for a given 

species. For our IP models, we chose a 0.75 threshold for “high” potential habitat but recognize 

that this is artificial and subjective, potentially leading to underestimates of habitat potential 

(Matter et al. 2018). However, we argue that narrow ranges for the “low” (0 - 0.25) and “high” 

(0.75 - 1.0) habitat potential classes captured true habitat potential, while the range of the
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“moderate” class (0.25 - 0.75) represented the uncertainty in the fish-attribute associations. 

Given the decline of some species in Southcentral Alaska (e.g., Chinook salmon, coho salmon 

and sockeye salmon), we recognize and stress the importance of considering moderate habitat 

potential areas for future management actions.

Northern Pike

Our study indicates that there is a substantial amount of potential habitat yet unoccupied 

by pike within the Matanuska-Susitna basin (at minimum 1 000 km), consistent with the pattern 

of an ongoing invasion. We constructed IP models with three attributes which are important 

predictors of pike throughout their native range (Figure 3). The first attribute, gradient, serves as 

a proxy for the presence of low velocity habitats required for pike. Our approach assumes that 

invasive pike exhibit similar habitat requirements as their native counterparts, thus we relied on 

an established gradient suitability curve (Inskip 1982). We think this assumption is reasonable as 

we captured native and invasive pike in similar habitats. Furthermore, all 94 geo-referenced 

observations of pike in the Susitna basin (ADFG, unpublished data) fell within our gradient 

curve. The second attribute, floodplain width, represents a surrogate measure of connectivity of a 

stream reach to its floodplain. Access to a well-vegetated floodplain is crucial for juvenile pike 

rearing and adult spawning (Scott and Crossman 1973, Casselman and Lewis 1996, Jacobsen and 

Engstrom-Ost 2018). Indirect measurements of floodplain accessibility have been incorporated 

in pike habitat suitability models (e.g., Inskip 1982, percent pools and backwaters during 

summer, Inskip 1982; percent of lakes in the watershed, R. Shaftel, unpublished data; and 

wetland type, Mingelbier et al. 2008) but our model was the first to utilize reach-scale 

measurements. Finally, elevation is an important predictor of pike in Alaska (Kirsch et al. 2014; 

R. Shaftel, unpublished data) and is commonly used for predicting fish distributions (Jowett and 
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Richardson 1996, Dauwalter and Rahel 2008, Rose et al. 2016). Elevation may serve as a proxy 

for climactic and physio-chemical variables (e.g., temperature, water quality; Dauwalter and 

Rahel 2008, Jaramillo-Villa et al. 2010) or position in the stream continuum (Rose et al. 2016). 

Similar to gradient, we relied on elevation data from the native range of pike to parameterize our 

curve. However, this is not to say that invasive pike will never occur above our elevation (200 

m) threshold. High-elevation introductions, due to human-assisted events, are possible but are 

unlikely to result in upstream establishment of pike.

As discussed previously, intrinsic potential is a useful tool for predicting habitat potential 

for other species, but this is the first use of IP for northern pike. Our model was constructed in an 

area with limited pike distribution data, so it was not possible to statistically verify our suitability 

curves. However, all 94 georeferenced observations of pike (ADFG, unpublished data) fell 

within our high-quality habitat class, providing some evidence that our curves performed 

adequately for predicting potential pike habitat.

Pacific salmon

Our assessment of salmon rearing habitat demonstrated a large quantity of potential 

habitat for all species and generally aligned with previously conducted suitability estimates for 

the region (Woll 2015). Our pink salmon and chum salmon IP models were created for streams 

in Southeast Alaska (Romey 2018) and care should be taken when applying IP models from 

outside the study area. That caveat notwithstanding, Matter et al. (2018) suggest that species- or 

life stage-specific IP models are robust outside the area they were parameterized for. Our 

analyses would benefit from further work ground-truthing pink salmon and chum salmon 

distribution in Southcentral Alaska. The Chinook salmon, coho salmon, and sockeye salmon IP 

models are specific to our study area (Woll 2015) but do not strictly follow the general format of 
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using three geomorphic attributes. We modified the models created by Woll (2015) by removing 

known salmon distribution limits, which we incorporated as barriers in our Bayesian network. 

Finally, we are unaware of sockeye salmon IP models, due to their complex life cycle with a 

reliance on lakes for rearing. We modified the habitat suitability model created by Woll (2015) 

by removing references to known sockeye lakes, as they were not included in our river network. 

Sockeye salmon in the Matanuska-Susitna basin can be exposed to heavy predation during the 

rearing period if pike are also present (Rutz 1996, 1999, Smukall 2015) and are highly 

vulnerable during seaward migrations as smolt if pike habitat is located downstream (i.e., near 

the outlet) of rearing lakes. Due to a limited IP model for sockeye salmon, the vulnerability 

estimates we produced are necessarily an underestimate of the vulnerability for this species. As 

such, we present the sockeye salmon results with caution and encourage further development of 

a lake-rearing sockeye salmon IP model.

Vulnerability assessment

Our vulnerability assessment provides a framework to identify hotspots along the stream 

network where fisheries managers can focus monitoring or eradication efforts. We identified 

critically vulnerable areas, shared by multiple salmon species, by calculating vulnerability across 

the entire stream network at fine scale (ca. 100 m reach), which can easily be scaled up (i.e., 

averaged or aggregated) to the watershed, sub-basin, or basin levels. This form of triage is 

crucial for managing invasions at a large scale as it provides the information necessary to gain 

the highest return on investment, while working with limited resources.

Estimates of human-mediated colonization by air were based on the relationship between 

minimum lake fetch and type of single-engine aircraft (Schwoerer 2017). We suspected aircraft 

range could be used to exclude lakes from our analyses but determined that only one class of 
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aircraft (Appendix F; Rank = 1) was range-limited in our study area. However, this class 

consisted of smaller aircraft which may originate from outside of our calculated origin (Lake 

Hood, Anchorage, Alaska). Limited data are available regarding illegal stocking of waterbodies 

as a function of distance to road or trail. However, lakes visible from roads have a higher 

incidence of establishment of non-native species (Kaufman et al. 2009, Kizuka et al. 2014), so 

we limited our high-class vulnerability to within 1 200 m from a road. Similarly, we limited the 

moderate class to a range of 1 200 - 3 600 m to account for introduction by all-terrain vehicles 

which are popular within the study area. That said, we acknowledge that distance to roads and 

potential for increased propagule pressure is likely confounded by other unquantified forms of 

disturbance (e.g., urbanization near lakes) that increase the likelihood of illegal introduction.

The dispersal ability of pike is a disputed topic with some studies agreeing with the 

“restricted movement paradigm” (Gerking 1959), regarding pike as a sedentary species, 

dispersing meters each day, yet other studies have found pike capable of dispersing up to 26 km 

d-1 (see Skov et al. 2018). Our estimates of natural colonization were calculated using a 

generalized leptokurtic dispersal kernel parameterized for pike and verified using radio telemetry 

data from pike in their native range (Fairbanks and Yukon, AK; ADFG, unpublished data). The 

telemetry data revealed that pike exhibit patterns of movement similar to many other species, 

with most of the population remaining sedentary and a few individuals demonstrating long 

distance dispersal. We limited our analyses to streams located below barriers to fish passage as 

identified by ADFG's Fish Passage Inventory Database (FPID; red culverts) and Devil's 

Canyon. The FPID ranks culverts based on their ability to allow for passage of juvenile coho 

salmon, which we assumed relevant for pike since they are weak swimmers and jumpers (Peake 

2008). However, very little is known regarding pike jumping ability, so the potential to bypass
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barriers is unknown. It is noteworthy that while there is potential for introduction above barriers, 

our pike IP model predicted a very small amount (106 km) of moderate or high potential habitat 

in reaches upstream of barriers in our study area. Thus, concerns of pike invasions due to culvert 

redesign or removal are not warranted.

Study limitations and uncertainties

Generally, uncertainty estimates within our Bayesian network are relatively high in the 

Yentna River, Lower Susitna River, and Matanuska River sub-basins. As most variables of the 

Bayesian network remained constant, changes in uncertainty here represent changes in habitat 

potential estimates, for each species, and their overlap with pike. Narrowing the range of our 

“moderate” habitat potential class (i.e., IP = 0.25 - 0.75) may lessen the uncertainty associated 

with the predictions. Also, future work validating and refining the pike and salmon IP models 

could allow for more accurate representation of the true habitat potential in the Matanuska- 

Susitna basin, which in turn would reduce the uncertainty associated with our vulnerability 

estimates.

Our vulnerability assessment does not directly consider life history differences among 

salmon species, particularly differences in the length of the freshwater rearing period during 

which anadromous salmon may be exposed to pike predation. Given this, pink salmon and chum 

salmon, which we identified as highly vulnerable based on habitat overlap, may be less affected 

because they migrate directly to sea upon emergence (Quinn 2005). Thus, depending on species 

life-history characteristics, the temporal overlap is minimized, and their vulnerability may be less 

than predicted. It seems logical that rearing is the most vulnerable salmon life-stage because 

most predation occurs on juveniles during most of their freshwater residency.

80



Our salmon IP models are specific to juvenile rearing habitat potential and do not 

consider outmigration, or the period in which juvenile salmon travel from freshwater to the 

ocean. This period of downstream movement has potential to expose juveniles to predation. 

However, the extent of predation is dependent on time spent in proximity to a predator, the 

number of predator's present, and prey density (Petersen and Deangelis 2000). Hence, a fine 

scale understanding of the relative spatial locations and movement patterns of the predator to the 

prey is crucial for accurately evaluating the extent of predator-prey interactions. Our IP models 

predict habitat potential over spatial scales (ca. 100 m reach) that do not allow for examination of 

such fine-scale patterns. For example, in the Matanuska-Susitna basin, as the prey (juvenile 

salmon) move downstream and into the mainstems of larger rivers, the predators (northern pike) 

are likely constrained to slower moving, off-channel habitats within those rivers. So, while a 

stream reach may exhibit high pike and salmon habitat potential, the two species may not overlap 

due to different microhabitat utilization. Further, many large rivers in the Matanuska-Susitna 

basin are glacial and highly turbid so as visual predators (Craig 2008), pike are likely at a 

disadvantage during the high-flow periods when smolt are out-migrating. More clearly, we argue 

that juvenile salmon can seek refuge from predation by moving into, traveling through, and 

rearing in habitat unsuitable for pike during their outmigration. Future work to investigate the 

frequency and duration at which pike move into sub-optimal habitats to pursue out-migrating 

smolt could inform this shortfall.

Management implications

The persistence and sustainability of Pacific salmon are vital to the preservation of 

economies, ecosystems, and cultures in Alaska. Repeat low returns and population-level declines 

of salmon in Southcentral Alaska led to emergency orders and pre-emptive closures of sport and 
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commercial Chinook salmon fisheries by ADF&G during recent fishing seasons. Our work, 

examining the overlap between potential habitat of pike and salmon, is a critical step in tying 

together pike research throughout the region and providing the tools to proactively respond to the 

invasion with the goal of mitigating the current and future impacts of non-native northern pike.

Since the invasion in the Matanuska-Susitna basin is widespread and we identified 

additional uncolonized potential habitat, we unfortunately predict the invasion will continue to 

expand. Faced with this realization, we believe that current eradication techniques are unlikely to 

result in the elimination of pike from the Matanuska-Susitna basin. Alaska Department of Fish 

and Game management techniques have been successful in suppressing or eliminating pike from 

certain areas such as closed lakes and smaller drainages, but suppression must be continued 

indefinitely. Moreover, managers must continually monitor the system for new invasions via 

natural and human-mediated colonization (Dunker et al. 2018). For example, Spens et al. (2007) 

found that given opportunity (time) pike colonized lakes in Sweden regardless of distance from 

source. Since the invasion in Southcentral Alaska is from a recent colonization, identifying all 

suitable habitat and habitat in which multiple salmon species are vulnerable will prove crucial in 

developing management plans to respond to the invasion.

Despite the potential limitations of our study, the invasion of pike within Southcentral 

Alaska presented us with an opportunity to apply flexible techniques to assess the vulnerability 

of multiple salmon species across the landscape. We demonstrated how tools like IP and 

Bayesian networks can be utilized to investigate the future of invasions, efficiently identify 

critical areas where management actions will attain the greatest benefits and be readily adapted 

for use with other species and areas. Finally, although we know that northern pike are not the 

sole or, in many cases, primary threat to Pacific salmon in Southcentral Alaska, our results 
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demonstrate a clear overlap between pike and salmon in this region. Specifically, as pike 

continue to invade suitable habitat, they are likely to interact with the Matanuska-Susitna basins 

naïve salmon and will further impact already struggling salmon returns.
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Figures

Figure 2.1. Map of Matanuska-Susitna basin, Southcentral Alaska, USA showing stream reaches

(blue lines), sub-basin delineations (grey lines), barriers to fish passage (culverts: red

triangle; Devil's Canyon: red square), major roads (black lines), significant lakes (grey

polygons), and known invaded lakes (yellow circles).
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Figure 2.2. Conceptual diagram depicting factors hypothesized to affect Pacific salmon vulnerability to invasion by northern pike in

the Matanuska-Susitna basin (Southcentral Alaska, USA). Shaded ovals represent input variables in the Bayesian network

(Table 1). See Table 1 for definitions of nodes and states within nodes.



Figure 2.3. Intrinsic potential (IP) curves for northern pike for three attributes: (a) gradient (%);

(b) elevation (m); and (c) floodplain width (m).
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Figure 2.4. Habitat potential (km) for northern pike and Pacific salmon in the Matanuska-Susitna 

basin, Alaska, USA. Light grey represents low-potential, dark grey represents moderate

potential, and black represents high-potential habitat.
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Figure 2.5. Vulnerability of Pacific salmon to invasion by northern pike for the Matanuska-Susitna basin (Southcentral, Alaska, USA).

Species-specific estimates shown in panels a - e and a composite “highly-vulnerable” estimate shown in panel f. Black lines 

represent sub-basins. Darker colors represent higher vulnerability with species-specific vulnerability shown in blues and the 

number of species identified as “high” vulnerability shown in oranges.



Tables

Table 2.1. Node definitions and states for a Bayesian belief network to assess vulnerability of 

juvenile salmon to introduced northern pike in the Matanuska-Susitna River basin, 

Southcentral Alaska, USA.
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Node Name Definition State

Natural colonization The potential for northern pike 

to colonize by natural means

none

low 

moderate

high

Distance to invaded

waterbody (I)

In-stream distance to nearest

invaded lake

close: < 1 000 m

moderate: 1 000 - 10 000 m

far: > 10 000 m

Above barrier? (I) Whether the stream reach is 

located above a known 

barrier

yes: 1

no: 0

Human-mediated

colonization

The potential for northern pike

to be introduced by humans

low

moderate

high

Accessible by road (I) The potential for introduction

by roadway

close: < 1 200 m

moderate: 1 200 - 3 600 m

far: > 3 600 m
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Note: Input nodes (I) are assigned the probability of being in each state
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Table 2.2. Total length (km) of highly vulnerable stream reaches for five Pacific salmon species 

to northern pike within the Matanuska-Susitna basin, Alaska, USA by HUC-8 sub-basin. 

Total area (km2) and length of streams (km) in each sub-basin are also shown. Values in 

parenthesis represent the species-specific proportion of highly vulnerable habitat.

Sub-basin Area Stream length

chum coho Chinook pink sockeye(HUC-8) (km2) (km)
Anchorage 3061 939 233 250 129 229 116

(0.09) (0.1) (0.08) (0.09) (0.1)

Matanuska 8662 2393 258 240 147 272 145

(0.1) (0.09) (0.09) (0.11) (0.12)

Upper Susitna River 16346 5546 13 14 4 (0) 4 (0) 4 (0)

(0.01) (0.01)

Chulitna River 6728 2280 27 28 11 19 11

(0.01) (0.01) (0.01) (0.01) (0.01)

Talkeetna River 5286 1681 41 32 13 29 13

(0.02) (0.01) (0.01) (0.01) (0.01)

Yentna River 15869 5988 557 516 280 548 325

(0.22) (0.2) (0.17) (0.22) (0.27)

Lower Susitna River 8855 4049 1428 1456 1078 1356 581

(0.56) (0.57) (0.65) (0.55) (0.49)
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Appendices

Appendix 2.A. Creation of the landscape network

The following steps were modified from the STARS user manual (available from: 

https://www.fs.fed.us/rm/boise/AWAE/projects/SSN_STARS/software_data.html#STARS) and 

performed by a custom ArcMap toolbox to create a landscape network (LSN) prior to creation of 

the spatial stream network (SSN). The R package SSN version 1.1.12 was used to calculate the 

pair-wise distance between reaches (‘sites') and closest known source lakes (‘preds').

1) The seven NetMap sub-basins were Merged and the resulting network pruned to 

reaches with an upstream area greater than 5 km2.

2) The stream network was Dissolved into a single polyline,

3) The endpoints of each reach identified using Feature Vertices to Points > both_ends

4) The network split at each point using the editor in ArcMap.

5) Stream flow direction was corrected to ensure downstream flow throughout the 

stream network using Reverse Flow Direction.

6) The resulting polyline was turned into a topologically corrected LSN by running the 

following in STARS:

a. Identify complex confluences

b. Check network topology

7) The centroid of all stream reaches, and invaded lakes were identified using Feature to 

Point and added to the SSN as ‘sites' and ‘predictions' (see STARS for details).

8) Five STARS tools were used to generate the spatial data necessary for conversion to 

the SSN.

a. Segment PI
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Conditional probability tables for Pacific salmon vulnerability belief network

Appendix 2.B. Conditional probability table for habitat overlap of Pacific salmon with northern 

pike in the Matanuska-Susitna basin, Alaska, USA.

Input node State (Habitat overlap)

IP_PIKE IP_SALMON low moderate high

low low 100 0 0

low moderate 60 40 0

low high 50 30 20

moderate low 60 40 0

moderate moderate 0 100 0

moderate high 0 30 70

high low 0 25 75

high moderate 0 15 85

high high 0 0 100
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Appendix 2.C. Conditional probability table for natural colonization of northern pike in the

Matanuska-Susitna basin, Alaska, USA.

Input node State (Natural colonization)

BARR DISTPIKE none low moderate high

yes close 10 50 35 5

yes moderate 10 70 15 5

yes far 15 80 5 0

no close 0 0 0 100

no moderate 0 0 100 0

no far 0 100 0 0
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Appendix 2.D. Conditional probability table for human-mediated colonization of northern pike

in the Matanuska-Susitna basin, Alaska, USA.

Input node State (Human-mediated colonization)

AIR ROAD low moderate high

none close 10 10 80

none moderate 25 25 50

none far 80 10 10

low close 0 15 85

low moderate 20 30 50

low far 50 30 20

moderate close 0 10 90

moderate moderate 10 30 60

moderate far 0 40 60

high close 0 0 100

high moderate 0 10 90

high far 0 20 80
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Appendix 2.E. Conditional probability table for vulnerability of Pacific salmon in the

Matanuska-Susitna basin, Alaska, USA.

Input nodes State (Vulnerability)

habitat natural human low moderate high

low none low 90 5 5

low none moderate 85 10 5

low none high 80 15 5

low low low 85 10 5

low low moderate 80 15 5

low low high 75 20 5

low moderate low 70 25 5

low moderate moderate 65 30 5

low moderate high 60 35 5

low high low 55 40 5

low high moderate 50 45 5

low high high 45 50 5

moderate none low 55 40 5

moderate none moderate 50 45 5

moderate none high 45 50 5

moderate low low 50 45 5

moderate low moderate 45 50 5

moderate low high 40 55 5
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moderate moderate low 30 60 10

moderate moderate moderate 25 50 25

moderate moderate high 20 55 25

moderate high low 10 60 30

moderate high moderate 5 45 50

moderate high high 5 40 55

high none low 10 60 30

high none moderate 5 45 50

high none high 5 40 55

high low low 5 45 50

high low moderate 5 40 55

high low high 5 35 60

high moderate low 5 25 70

high moderate moderate 5 20 75

high moderate high 0 20 80

high high low 0 10 90

high high moderate 0 5 95

high high high 0 0 100
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Appendix 2.F. Description of parameters used to estimate lake accessibility by float planes.

Lakes were ranked by minimum fetch (plane data from Schwoerer 2017).

Rank Type of single engine plane Range Minimum fetch of destination

(km) (m)

1 Piper PA-17, PA-18, Tailorcraft 493 336

2 Other and not specified 1030 498

3 DeHavilland DHC-2 Beaver 732 505

4 Cessna-172 to 206 1325 511

5 DeHavilland DHC-3 Otter 1520 645

112



Appendix 2.G. Weighting for conditional probability table for vulnerability of Pacific salmon in the Matanuska-Susitna basin, Alaska,

USA (Appendix E). Ranks were weighted as follows: habitat overlap (Input node = habitat; high = 100), natural colonization 

(Input node = natural; high = 50), and human-mediated colonization (Input node = human; high = 10). The total possible 

weighted rank was 160, thus we used 80 as the inflection point for shifting vulnerability from low towards high.
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Input nodes Weighted ranks State (Vulnerability)

habitat natural human habitat natural human sum low moderate high

low none low 0 0 0 0 90 5 5

low none moderate 0 0 5 5 85 10 5

low low low 0 5 0 5 85 10 5

low none high 0 0 10 10 80 15 5

low low moderate 0 5 5 10 80 15 5

low low high 0 5 10 15 75 20 5

low moderate low 0 25 0 25 70 25 5

low moderate moderate 0 25 5 30 65 30 5

low moderate high 0 25 10 35 60 35 5

low high low 0 50 0 50 55 40 5

moderate none low 50 0 0 50 55 40 5
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low high moderate 0

moderate none moderate 50

moderate low low 50

low high high 0

moderate none high 50

moderate low moderate 50

moderate low high 50

moderate moderate low 50

moderate moderate moderate 50

moderate moderate high 50

moderate high low 50

high none low 100

moderate high moderate 50

high none moderate 100

high low low 100

moderate high high 50

high none high 100

high low moderate 100

50 5 55 50 45 5

0 5 55 50 45 5

5 0 55 50 45 5

50 10 60 45 50 5

0 10 60 45 50 5

5 5 60 45 50 5

5 10 65 40 55 5

25 0 75 30 60 10

25 5 80 25 50 25

25 10 85 20 55 25

50 0 100 10 60 30

0 0 100 10 60 30

50 5 105 5 45 50

0 5 105 5 45 50

5 0 105 5 45 50

50 10 110 5 40 55

0 10 110 5 40 55

5 5 110 5 40 55



high low high 100

high moderate low 100

high moderate moderate 100

high moderate high 100

high high low 100

high high moderate 100

high high high 100

5 10 115 5 35 60

25 0 125 5 25 70

25 5 130 5 20 75

25 10 135 0 20 80

50 0 150 0 10 90

50 5 155 0 5 95

50 10 160 0 0 100
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Species specific vulnerability

Appendix 2.H. Vulnerability of Pacific salmon by HUC-8 sub-basin in stream kilometers within

the Matanuska-Susitna basin, Alaska, USA. Table represents Netica vulnerability class

‘moderate'.

Sub-basin Area Stream length

chum coho Chinook pink sockeye(HUC-8) (km2) (km)
Anchorage 3061 939 177 201 336 212 157

Matanuska 8662 2393 989 1142 1502 1189 788

Upper Susitna River 16346 5546 51 52 9 50 38

Chulitna River 6728 2280 67 66 30 75 53

Talkeetna River 5286 1681 53 48 53 63 44

Yentna River 15869 5988 443 485 485 400 262

Lower Susitna River 8855 4049 635 626 819 692 362
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Appendix 2.I. Vulnerability of Pacific salmon by HUC-8 sub-basin in stream kilometers within 

the Matanuska-Susitna basin, Alaska, USA. Table represents Netica vulnerability class 

‘low'.

Sub-basin Area Stream length

chum coho Chinook pink sockeye(HUC-8) (km2) (km)
Anchorage 3061 939 291 250 236 261 428

Matanuska 8662 2393 1126 992 724 912 1440

Upper Susitna River 16346 5546 412 410 462 422 433

Chulitna River 6728 2280 2151 2151 2204 2150 2181

Talkeetna River 5286 1681 1587 1602 1615 1588 1624

Yentna River 15869 5988 4968 4967 5202 5020 5381

Lower Susitna River 8855 4049 1783 1763 1948 1797 2902
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Appendix 2.J. Dam that was constructed by unknown individuals at the outlet of Bulchitna Lake

(Susitna, Alaska, USA) to contain pike, but overtopped by high water events. Photo taken

by the author in August of 2017.
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Appendix 2.K. Vulnerability estimates and associated uncertainty of Chinook salmon to invasion of northern pike in the Matanuska-

Susitna basin (Southcentral, Alaska, USA). Darker colors represent higher values. See text for details on how vulnerability was

assessed.



Appendix 2.L. Vulnerability estimates and associated uncertainty of coho salmon to invasion of northern pike in the Matanuska-

Susitna basin (Southcentral, Alaska, USA). Darker colors represent higher values. See text for details on how vulnerability was

assessed.



Appendix 2.M. Vulnerability estimates and associated uncertainty of chum salmon to invasion of northern pike in the Matanuska-

Susitna basin (Southcentral, Alaska, USA). Darker colors represent higher values. See text for details on how vulnerability was

assessed.



Appendix 2.N. Vulnerability estimates and associated uncertainty of sockeye salmon to invasion of northern pike in the Matanuska-

Susitna basin (Southcentral, Alaska, USA). Darker colors represent higher values. See text for details on how vulnerability was

assessed.



Appendix 2.O. Vulnerability estimates and associated uncertainty of pink salmon to invasion of northern pike in the Matanuska-

Susitna basin (Southcentral, Alaska, USA). Darker colors represent higher values. See text for details on how vulnerability was

assessed.



Appendix 2.P. The number of “highly” vulnerable Pacific salmon species, by sub-basin, to

invasion of northern pike in the Matanuska-Susitna basin (Southcentral, Alaska, USA).

Darker colors represent more species. See text for details on how vulnerability was

assessed.
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General Conclusions

In this study I examined the past, present, and potential future of the invasion into 

Southcentral Alaska by northern pike (pike; Esox lucius) and generated a genetic baseline for 

invasive pike. The genetic variability of native and invasive pike throughout Alaska was assessed 

using a next-generation sequencing approach, double digest restriction-site associated 

sequencing (ddRAD-seq). The future of the invasion, in terms of vulnerability of five Pacific 

salmon species (Oncorhynchus spp.), within the Matanuska-Susitna basin (Southcentral Alaska, 

USA) was assessed using a combination of intrinsic potential, connectivity estimates, and 

Bayesian network approaches. The vulnerability for each species was compiled and critical 

habitat areas, where all Pacific salmon share ‘highly' vulnerable habitat, identified. The key 

results of these studies were:

• Throughout their native range in Alaska, pike exhibit low genetic variability

compared to other freshwater fishes. The average nucleotide diversity (n) for native 

populations was 0.000241. The average heterozygosity was 0.0360.

• Invasive pike exhibit lower diversity than native pike. The average nucleotide 

diversity for introduced populations was 0.000131 and heterozygosity was 0.0227.

• Invasive pike on the Kenai Peninsula have measures of diversity between those of 

native populations and invasive populations in the Susitna basin and Anchorage areas.

• There was relatively high differentiation (FST) when compared to other freshwater 

fishes, for all populations (FST = 0.424), with the highest levels found between 

invasive groups on the Kenai Peninsula populations and Susitna basin (FST ~ 0.668), 

suggesting different founders for these two invasive groups.
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• An analysis of population structure identified separation between two groups, 1) 

introduced populations in the Susitna basin and 2) native and Kenai Peninsula 

introduced populations. This further supports the idea that Kenai and Susitna 

populations are from different sources.

• Fine-scale structure analyses failed to detect population structure within the Susitna 

basin populations which indicates few founders or founding events.

• Since introduction, pike have expanded throughout the Susitna basin and I identified 

potential habitat that is not known to be presently occupied. This suggests that if 

given time and opportunity, the expansion of pike in the Matanuska-Susitna basin is 

likely to continue.

• Eighty-four percent of high-quality habitat potential for pike was predicted to be 

located in the Lower Susitna sub-basin.

• Pink salmon were found to be most vulnerable to pike with 2,458 km (15.2%) of their 

extent identified as highly vulnerable based on habitat overlap, and the potential for 

natural colonization by pike and further anthropogenic introductions.

• I found only 107 km (3.4 % ) of total available high- and moderate-quality pike 

habitat above barriers to fish passage, suggesting that removal of existing barriers 

would not greatly increase potential pike habitat.

• After combining vulnerability estimates across the five Pacific salmon species, I 

identified 1,001 km of critical habitats where all five species were predicted to be 

highly vulnerable to pike.
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Previous work investigating the genetic diversity of native pike, using microsatellite and 

allozyme markers, identified pike as a ‘genetically depauperate' species (Jacobsen et al. 2005), 

meaning they exhibit low genetic diversity. In contrast, some populations were highly 

differentiated, so much so that pike were the most differentiated freshwater fishes with an FST of 

0.821 (Seeb et al. 1987 for discussion see Ward et al. 1994). My work generally supports these 

conclusions of low diversity and relatively high divergence among some populations. I identified 

further reductions in genetic variability in introduced populations, which is not surprising given 

the nature of introductions (i.e., genetic bottlenecks). I was surprised to find that pike on the 

Kenai Peninsula exhibited higher genetic variability than invasive populations from the Susitna 

and Anchorage Areas. This result gives some credence to the idea that Kenai Peninsula 

populations may have come from multiple sources. That said, I was unable to determine the 

population affinities for any of the seven invasive populations.

Measures of genetic diversity in introduced pike indicated a bottleneck during their 

introduction into Southcentral Alaska. Although introduced pike were genetically poor, the lack 

of genetic diversity does not appear to impact their invasion success. Since introduction, pike 

have taken hold in the Matanuska-Susitna basin and have been expanding their range. Analyses 

of genetic structure identified divergence between introduced and native populations. Further 

analyses identified differentiation in introduced populations from the Susitna basin and Kenai 

Peninsula, again, suggesting different founders for the two groups. This is perhaps unsurprising, 

as the introduction on the Kenai Peninsula was thought to have occurred two decades after the 

initial introduction into the Susitna (Dunker et al. 2018).

I was able to create a genetic baseline for introduced populations in Southcentral Alaska, 

which can be used as a management tool. By monitoring and sampling suspected new 
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introductions, managers can determine whether pike came from a local or distant source. While 

the history of this invasion elucidates aspects like propagule pressure, methods of transport, and 

movement within the system, understanding the future of the invasion is also crucial.

I found that although pike are largely restricted to lower in the Matanuska-Susitna basin, 

due to their preference for low elevation, low gradient, and high access to floodplains, they still 

have large impacts on Pacific salmonids. Overall, approximately 40% of the total habitat was 

identified as moderate- or high-vulnerability for all Pacific salmon. Although pink salmon were 

the most vulnerable, life history traits like freshwater residency time was not considered but 

likely contributes to vulnerability. Coho salmon exhibited slightly less vulnerability than pink 

salmon but remain in freshwater for multiple years (Quinn 2005), presumably increasing the 

chance of interaction with pike. These life-history characteristics could be added my network or 

to future Bayesian networks, and may help to decrease the uncertainty of vulnerability estimates.

Estimates by the Alaska Department of Fish and Game for the current distribution of 

invasive pike do not fully overlap with predicted potential habitat. Thus, I believe the invasion is 

on-going and pike can continue to spread throughout the Matanuska-Susitna basin. Although 

little is known of pikes jumping ability, I assumed ‘impassible culverts' represented barriers to 

upstream passage but predicted a low quantity of high- and moderate-quality pike streams (107 

km) above them. Hence, it appears the removal of barriers will not allow for further colonization 

of otherwise naturally unreachable habitat patches. Work to restore connectivity for native 

salmonids by removing culverts is unlikely to come at the cost of additional invaded habitat by 

pike.

The availability of a reference genome allowed me to align my sequences to the reference 

and reduced computational requirements associated with de novo assembly of dd-RAD data. My 
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attempts at de novo assembly resulted in unnecessary computational efforts. If available, I 

strongly urge the use of a reference genome while analyzing these types of data. Further, 

commonly available pipelines like stacks, ipyrad, or dDocent are tremendously useful and were 

crucial to this study but it would be worth investigating alternative, manual pipeline approaches. 

Allowing the user full control of the dataset would give more clarity when issues arise and 

during calculations of genetic indices.

The combination of habitat suitability, connectivity, and Bayesian networks proved to be 

a useful tool in assessing Pacific salmon vulnerability. The ability to utilize many datatypes (i.e., 

quantitative, qualitative) and expand the network as new information becomes available, makes 

Bayesian networks a valuable tool for fisheries managers facing invasions. This is important in 

the case of invasions because often new data becomes available as the invasion progresses and 

may provide insight into the future impacts. Also, the NetMap platform worked well for 

assessing habitat suitability and assigning habitat metrics on the reach scale (100 m). I would 

recommend future researchers examining watershed habitat attributes utilize this platform. 

Specifically, without it, this work would not have been possible due to the lack of geospatial data 

on streams in Alaska.

Estimating the hydraulic distance from each 100 m reach to the nearest pike source over 

my entire stream network (~24,000 km) was challenging. The tools SSN and STARS were useful 

but calculating over a large stream network presented challenges. My approach of joining 

confluence-to-confluence sections of river then back calculating the distance from the midpoint 

of those to the midpoint of each 100 m reach contained within was very involved (> 30 steps) 

and investigating alternate methods for these calculations is recommended. One idea would be to 

break the stream network into multiple sections, similar to my seven sub-basins, and calculate 
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the distance from each source to the end of the sub-basin. Next, assign this value to the starting 

point of the next, connected, sub-basin and calculate the distance to all reaches within. Finally, 

adding previous values to the new sub-basin would give the distance to the nearest pike source.

Future genetic research should aim to expand the search for potential founder populations 

within Alaska. Currently my study is limited to three native sources and would benefit greatly 

from expanded sampling to create a statewide genetic baseline. This is particularly true in light 

of the differences highlighted between the two invasive groups. Also, suspected founder 

populations were included in these analyses, yet there was high differentiation between invasive 

and all native populations, as well as little evidence of admixture. Finally, expanding the 

analyses to include North American populations from outside of Alaska will help to elucidate the 

broader question of pike refugia during the Pleistocene. Some hypothesize that present day 

Alaska was a refuge and/or bridge that acted as a source for North American populations. 

Currently, I am working to incorporate a second genetic dataset which includes native 

populations from Alaska and elsewhere in North America along with more invasive populations 

from Southcentral Alaska. I am also investigating the post-glacial relict status of pike from 

Yakutat, Alaska. I believe my use of next-generation sequencing, and inclusion of more 

populations, could inform some of the questions posed above.

Other future work should include ground-truthing of the pike intrinsic potential model. 

My model was created in an area of limited pike distribution data so ‘truthing' was carried out 

across a small dataset. However, all known pike points fell within my high-quality habitat class, 

so I am confident in the model. Also, since a true sockeye salmon intrinsic potential model is 

does not exist, the creation would benefit this study and future habitat modeling efforts. As most 

sockeye salmon rear in lakes, the development of a ‘lake-type' model that predicts habitat 
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potential for lakes across the stream network, would be greatly beneficial. A river-type sockeye 

IP would also be beneficial and provide more robust predictions of sockeye vulnerability than 

those presented here. Finally, research techniques like radio telemetry could be used to 

investigate the duration in which pike journey into sub-optimal habitat for feeding. It is unknown 

if or for how long pike will ‘follow' out-migrating smolt into large rivers, otherwise unused by 

pike. If it is determined that pike follow out-migrating smolt, then my Bayesian network could 

be modified to incorporate this window of the salmon life cycle.

In summary, the research described here contributes to the breadth of knowledge about 

invasion biology and genetics as well as the vulnerability of native fishes to an invasive top 

predator. It adds a genetic baseline for invasive pike in Southcentral Alaska and I have provided 

a framework for fisheries managers to triage large landscapes, such as the Matanuska-Susitna 

basin, and identify critical habitat areas in which invasive species management actions will have 

the greatest impacts on Pacific salmon. Further, by providing baseline data necessary to examine 

the evolutionary potential of pike, thresholds can be identified, and knowledge gained into how 

little genetic variation top predators can maintain yet still become a potent invader. Although it is 

unclear whether introduced pike populations have locally adapted to the conditions in their new 

areas, my finding suggests that genetic diversity is not a requisite condition of successful 

invasion. For now, pike are continuing to expand to available habitat in the Matanuska-Susitna 

basin, despite the apparent lack of genetic diversity, and will likely continue to impact already 

declining Pacific salmon populations.
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Appendix

Appendix A. 2017 University of Alaska Fairbanks Institute for Animal Care and Control 

approval.

(907) 474-7800
(907) 474-5993 fax 

uaf-iacuc@alaska.edu
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr Suite 212, PO Box 757270, Fairbanks, Alaska 99775-7270

May 17,2017

To: Peter Westley 
Principal Investigator

From: University of Alaska Fairbanks IACUC

Re: [921163-3] Rapid adaptation and the biological invasion of northern pike to Southcentral 
Alaska

The IACUC reviewed and approved the Revision referenced above by Designated Member Review.

Received: May 9,2017

Approval Date: May 16, 2017

Initial Approval Date: May 16: 2017

Expiration Date: May 16, 2018

This action is included on the May 11, 2017 IACUC Agenda

PI responsibilities:

• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol. 
Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol and could 
result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be 
performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware of status of other packages in IRBNet: this approval only applies to this package and 
the documents it contains: it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously

• Ensure animal research personnel are aware of the reporting procedures on the following page
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Appendix B. 2017 State of Alaska Department of Fish and Game Fish Resource Permit.

STATE OF ALASKA Permit No. SF2017-168
DEPARTMENT OF FISH AND GAME

333 Raspberry Road Expires: 12/31/2017
ANCHORAGE, ALASKA 99518

FISH RESOURCE PERMIT(For Scientific/Collection Purposes)

This permit authorizes: Peter Westlev
(whose signature is required on page 3 for permit validation)

Of
University of Alaska Fairbanks -- College of Fisheries and Ocean Sciences

PO Box 757220, Fairbanks, AK 99775
(907) 474-7458 pwestley@alaska.edu

to conduct the following activities from June 1, 2017 to December 31, 2017 in accordance with AS 16.05.930 and 
AS 16 05 340(b).

Purpose: To quantify whether anti-predator behaviors are greater in juvenile salmon populations with histories of exposure to
highly predatory northern pike compared to populations that have less time of exposure.

Location: Deshka River (247-41-10200-2081), Cottonwood Creek (247-50-10300), Caswell Creek (247-41-10200-2190),
Montana Creek (247-41-10200-2250), Fish Creek (247-50-10330), Trapper Creek (247-41-10200-2341), Chena 
River (334-40-11000-2490-3301), Delta Clearwater River (334-40-11000-2490-3416), Salcha River (334-40- 
11000-2490-3329). Chatanika River (334-40-11000-2490-3151-4020), Ruth Burnett and William Jack Hernandez 
Sport Fish Hatcheries

Species: Chinook and coho salmon, other spades Incidentally

Method of Capture: Fyke/hoop net (see Stipulation #6 for exception) minnow trap, stick seine, hatchery transfer
(see Stipulations #7-10)

Final Disposition: ≤400 juveniles of each Chinook and coho salmon may be captured and temporarily held for anti-predator
behavior assessment Fish may be individually transferred to a streamside aquarium for behavioral 
testing and observation, which should not exceed 30 minutes. Following assessment fish may be 
measured, scale sampled, marked with a small caudal fin clip, and then released alive back Into capture 
site waters (see Stipulations #11-13). While awaiting assessment, fish may be held in a flow-through 
container in the capture site waters for ≤6 hours.

All unintended mortalities must be recorded and returned to capture site waters.
All non-target species captured should be recorded and immediately released back into capture site 

waters.

COLLECTION REPORT DUE January 31, 2018 and RESEARCH REPORT DUE June 30, 2018: see Stipulations #2 and 
#3 for more information. Data from such reports are considered public information. Reports must be submitted by email 
(dfg.dsf.permitcoordinator@alaska.gov) or by mail to: Alaska Department of Fish and Game, Division of Sport Fish-HQ, 333 
Raspberry Rd, Anchorage, AK 99518 A report is required whether or not collecting activities were undertaken.

GENERAL CONDITIONS, EXCEPTIONS, AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show It on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and wilt be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions. exceptions, or restrictions. No redelegation of authority may bo 
allowed under this permit unless specifically noted.

2. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 
museum or a public scentific or educational Institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

3. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

4 Permits will not be renewed until detailed reports, as specified In the Stipulations section, have been received by the department
5. UNLESS SPECIFICALLY STATED HEREIN, this permit does not authorize the exportation of specimens or the taking of specimens

. outside of existing regulations.
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Appendix C. Process of ddRAD-sequencing. Genomic DNA from individuals is extracted using 

restriction enzymes which digest specific sized target sequences. Genomic fragments 

containing rare and a common cut size are sequenced in the forward and backward 

directions. SNPs are discovered, and populations inferred.
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Appendix D. Attributes that have been deemed important predictors of northern pike in their

native range.

Attribute Source Units Description References

Watershed NetMap km2 The total area of R. Shaftel,

area Reach watershed located above unpublished

a reach.

Stream order NetMap Classes, 1st - 10th Strahler method (1957) R. Shaftel,

Reach for calculating stream unpublished

order.

Stream NetMap m The reach elevation. R. Shaftel,

elevation Reach unpublished;

Spens et al. 2007

Watershed DEM % The percentage of lakes R. Shaftel,

lake density and ponds within a unpublished;

watershed. Spens et al. 2007

Floodplain NetMap Yes or No The extent of floodplain R. Shaftel,

presence Reach is calculated from unpublished

bankfull depth.

Distance to DEM m/km The distance of a reach Spens et al. 2007

invaded lake from a known pike

presence lake.
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Lake inlet and DEM Yes or No The presence of an outlet Spens et al. 2007

outlet and inlet in invaded

lakes.

Maximum NetMap Unitless (m/m) The maximum slope R. Shaftel,

Downstream downstream of a reach. unpublished;

Gradient Spens et al. 2007

Vegetation -- Plant/m2 The amount of Casselman 1996

Density vegetation available in

the system.

Connecting DEM -- Description of Casselman 1996,

waterways connectivity of the Spens et al. 2007

system.

Channel NetMap m The water level in the Casselman 1996

Depth system.
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