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ABSTRACT

Invasive species are one of the foremost drivers of global biodiversity loss, and managing
their spread is critical to preserving the integrity of the affected ecosystems. Traditionally,
management of invasive species often relied on spatial patterns of presence that may poorly
reflect true production sources, as individuals may disperse from where they are produced.
Therefore, identifying production sources is critical for understanding invasion dynamics and
targeting effective control. The Flathead River, Montana is a large and connected river system
that is a stronghold for native trout species in the continental US, including robust populations of
westslope cutthroat trout. Historical stocking of non-native rainbow trout (Oncorhynchus mykiss)
has led to an established and spreading invasive fish population that, through hybridization, is
threatening the genomic integrity of native westslope cutthroat trout (Oncorhynchus clarkii
lewisi) populations across the region. Otoliths (ear stones) are a calcium carbonate structure
which accumulate tree-like growth rings and elemental signatures of surrounding waters and
therefore can be used to age fish and identify their natal origins. Natal origins of 181 fish were
assigned by visually identifying natal regions of the otolith and then using microchemical data
from that region in an assignment algorithm to assign most likely origin locations along the
Flathead River network. In addition, we created a novel genetic modeling tool which greatly
improved precision of natal origin assignments. Our analysis provides evidence of strong hybrid
source populations in creeks draining Glacier National Park and continued high production of
rainbow trout the lower river near the initial site of introduction and where most of our sampling
took place. Rates of spread differ significantly between rainbow and hybrid trout with hybrid
trout spreading faster and more per year than rainbow trout. This suggests that hybrid trout are
contributing more to the spread of invasive populations than rainbow trout themselves. Invasion
risk increases with extent of hybridization and should be accounted for when developing future
management plans. Our study provides a baseline for future work tracking and understanding
invasive species production in complex, interconnected river systems.
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Thesis Introduction

Biological invasions are among the leading drivers of biodiversity loss worldwide, often
restricting ecosystems and negatively impacting native species (Gallardo et al, 2016; Clavero &
Garcia-berthou, 2005). Aquatic Invasive Species (AIS) specifically significantly impact invaded
ecosystem by altering environments and/or food webs, and due to the interconnectedness of
aquatic habitats, these changes are often rapid and long-lasting (Gallardo et al, 2016). Water is a
unique medium which allows AIS to move undetected often for long periods of time; to detect
AIS, biologists have developed a plethora of tools to track their presence but even then, the
complexity of aquatic environments compounds the difficulty of even detecting them in the first
place. The phrase ‘an ounce of prevention is worth a pound of cure’ sums up the benefits of
preventative management strategies (Vander Zanden et al, 2010); a cost-effective approach, but
established populations continue to persist in many systems causing ecological and economic
impacts. As a result, improving suppression requires a deeper understanding of how invasive
populations persist and spread within these dynamic systems.

Invasive species do not spread randomly and often have spatially sorted phenotypic
expressions, distributing individuals which are more likely to spread/disperse towards the edges
of expansion (Schrieber & Lachmuth, 2017). The theory of spatial sorting, when applied through
a management lens, has the potential to change the way invasive species are suppressed in a
significant, positive way. When a species is established and sorted into the respective
“phenotypic zones”, understanding the production dynamics of that population is essential to
being able to effectively control their spread. Production specifically is a key metric to quantify
because individuals may use different habitats at different life-stages for various reasons, so
presence is decoupled from production, obscuring the sources of population growth and leading
to inefficient management actions. A mechanistic understanding of where and how invasive
individuals are produced is essential for targeted control efforts. Addressing this gap requires
understanding production dynamics of rainbow and hybrid trout in the Flathead River, to
improve future suppression strategies and preserve the integrity of native trout populations.



CHAPTER ONE

RAINBOW AND HYBRID TROUT PRODUCTION
DYNAMICS AND SPREAD IN THE FLATHEAD RIVER,

MONTANA

Introduction

Invasive species are one of the foremost drivers of global biodiversity loss (Clavero &
Garcia-berthou, 2005). Management of invasive species is critical to preserving the integrity of
the affected ecosystems. Traditionally, management of invasive species in aquatic ecosystems
has often relied on static spatial patterns of presence that may poorly reflect true production
sources, as individuals may disperse from distant locations (Bourret et al, 2022; Healy et al,
2022; Jarnevich et al, 2021). Therefore, identifying production sources is critical for

understanding invasion dynamics and targeting effective control (Havel et al, 2015).

Identifying sources of invasive species production requires understanding habitats of
origin from population or life-history reconstructions (Ochocki & Miller, 2017; Kovach et al,
2015; Pfennig et al, 2016). Complex dendritic river networks are heterogeneous and dynamic, so
tracking invasives as they respond to shifting environments at various spatial and temporal scales
is more challenging (Healy et al, 2022; Brennan et al, 2019; MacArthur, 1955). Genetic and
otolith microchemical analysis have both been used to identify natal origins of fish (Thorrold et
al, 2001; Campana 2005; Templin et al 2011; Walther et al, 2017), but when used independently,

have their limitations especially in river systems which have a high degree of spatial overlap in
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microchemical signature and/or limited population genetic structure. Genetic stock identification
(GSI) has been used to identify distinct sub-populations and their respective natal origins, but in
the absence of strong genetic structure, results in broad spatial assignment (Makhlouf et al, 2025;
Templin et al, 2011). To overcome these challenges, otolith and genetic methods have been
combined to resolve discrepancies in microchemical overlap where genetic differentiation exists,
thereby improving the accuracy of natal origin assignment (Makhlouf et al, 2025). Determining
natal origins to deduce production dynamics of invasive species is essential to preserving the

integrity of our native riverine ecosystems.

The Flathead River in Montana, USA is a large and connected river system that is
considered a stronghold for native trout species in the continental US, including robust
populations of westslope cutthroat trout (Oncorhynchus clarkii lewisi; herein WCT). Historical
stocking of non-native rainbow trout (Oncorhynchus mykiss; herein RBT) has led to an
established and spreading invasive fish population that, through hybridization, is threatening the
genomic integrity of native WCT populations across the region (Hitt et al. 2001, Boyer et al.
2008, Muhlfeld et al. 2014). Since the introduction of RBT into the Flathead in the early 1900s,
RBT and concurrent hybridization with WCT have been recorded spreading in a general
upstream direction from the sites of initial introduction (Boyer et al. 2008, Muhlfeld et al., 2014).
Suppression of these invasives has been ongoing for the last decade, and the presence/absence of
hybrid trout, their location, and the genetic extent of hybridization has been well documented —
making the Flathead an ideal system for studying invasive fish spread and population dynamics
in a dendritic river network (Muhlfeld et al, 2017; Mubhlfeld et al, 2012; Bourret et al, 2022;

Kovach et al, 2016; Kovach et al, 2015). However, despite this documentation and extensive



previous work on the system (Hitt et al. 2003; Muhlfeld et al. 2009; Kovach et al. 2015), the

spatiotemporal patterns of RBT production remain unresolved.

Here, we estimated the spatial production and invasion dynamics of rainbow trout and
their offspring. Our goal was to empirically assess spatial distribution of production hotspots and
determine whether hotspots were shifting upstream over time, threatening native westslope
cutthroat populations via hybridization. Specifically, the objectives for our study were to identify
areas with the greatest production of hybrid trout and assess how production location has
changed over time. We leveraged a continuous prediction of genetic composition (a
“genetiscape”) to create basin-wide maps of hybridization. By integrating the continuous
predictions into a microchemical Bayesian assignment algorithm, we achieved precise natal
origin assignments for individual fish, allowing us to track invasive hybrid trout production
throughout the watershed. This approach provides a powerful framework for understanding
invasive species spread in a complex system, and novel insight into management of invasive
fishes. Natal origin analysis showed that most hybrid trout production in the Flathead River
remains in the lower reaches, however, our spatial analysis revealed an upstream trend of
production over time. These findings emphasize the need for continued work in the Flathead to
prevent the continued invasion of hybrid trout into populations which remain non-hybridized.
Additionally, they demonstrate the power of combining the two continuous isotopic and genetic

models for tracking hybrid movement in complex dendritic habitat.



Methods

Study Area and Sampling Design

RBT and hybrid trout (RBT x WCT) were collected during electrofishing surveys and
RBT suppression work on the North Fork of the Flathead River between 2018-2024.
Electrofishing was conducted primarily between late May and early June which coincide with
optimal flow and turbidity for boat electrofishing, as well as spawning season for the target
species. RBT suppression traps were set ~10-25 m upstream of tributary mouths to capture fish
attempting to migrate upstream to spawn. WCT were released and allowed passage, and all RBT
and phenotypically obvious hybrids were removed and used for this study. Lengths and species
(based on phenotypic expression) were recorded, and sagittal otoliths were dissected in the field
and stored in paper envelopes. Two to three years is the general age at maturity for RBT; using a
sample-wide (n=571) Von-Bertalannfy growth model, 220 mm was the average length of 2 years
of age and therefore became our minimum length cutoff (Gall et al., 1988; Martyniuk et al.,
2003; Northcote, 1981). This mature age group is the focus of our study as they reflect the life-
history strategies of the fish which are contributing to the spread of hybrid genes via

reproduction. A random subsample of 200 fish > 220 mm was used for all subsequent analyses.

Otolith Preparation and Laser Ablation

Otoliths were mounted in epoxy, cross sectioned (0.5 mm width) at the core, polished for
clarity and imaged for aging and post-ablation reference. Laser ablation to analyze ®'Sr:3¢Sr was
done at the University of Utah (n=116) and Oregon State University (n=84) using laser ablation
inductively-coupled plasma-mass spectrometry (LA-ICP-MS). Ablation lines were drawn to start

just before the core, scan through the core, and then to the very edge with some falloff onto the
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epoxy to allow for a clear identification of the end of the transect. Settings at the University of
Utah were as follows: scan speed = 2um/s, spot size = 65-85um, rep rate = 20 - 25 Hz. Variation
in spot size or rep rate was an artifact of different Sr concentrations and the strength of signals
which dictated the necessary settings to acquire reliable results. Settings at Oregon State
University were as follows: scan speed = 4um/s, spot size = 64um, rep rate = 40 Hz. We used
marine gastropods, Clinopyroxene (CPX), and NIST SRM 987 strontium carbonate as standards

and ran transects along standards after every 4" otolith transect.

Image and Age Analysis

Ablated otoliths were re-imaged, and all image analysis was conducted using Image Pro
V1. Otolith cross sections were aged, and a series of measurements were taken: transect length,
distance from center of the core to edge of the core, distances between the center of the core and
the first annulus, and all successive distances between annuli for the age of the fish, and how
much excess scanning was done before the core, or after the edge of the otolith for data trimming

purposes.

Genetic Data and Genetiscape

Genetic samples were collected via caudal fin clips in the field and stored in
ethanol and analyzed against a custom GTseq panel with 110 WCT/RBT diagnostic SNP loci.
Proportion RBT alleles was reported per sample with a range of 0 (non-hybridized WCT) — 1
(non-hybridized RBT). A long-term genetics dataset spanning 1984 — 2024 was used to construct
a genetic composition prediction model. This dataset was cleaned to include only samples more
recent than 2020 to capture the most recent genetic landscape. To prepare the dataset for

modeling, pRBT (proportion rainbow trout admixture) bins were created (0-0.05, 0.05-0.15,
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0.15-0.25, 0.25-0.35, 0.35-0.45, 0.45-0.55, 0.55-0.65, 0.65-0.75, 0.75-0.85, 0.85-0.95, 0.95-1).
Then we calculated for each unique sample location, the proportion of fish in each bin relative to
how many fish were sampled at that location. The binned data was heavily zero-inflated, so to
overcome issues with over or underprediction we constructed a Hurdle model. The Hurdle model
also acknowledges a key nuance which our original iteration of the genetiscape did not — in order
to produce an offspring of a given pRBT, we need a combination of individuals with specific
pRBT composition. As we know, there is a non-random distribution of fish across the landscape,
so there are only a few locations where fish needed for that specific combination exist in the
Flathead watershed. The Hurdle model takes that into account by modeling by bin, creating a
more ecologically and biologically accurate model. Following Peterson et al. (n.d.), and Dumelle
et al. (n.d.), we constructed two Generalized Linear Spatial Stream Network models (GLMSSN)
of genetic composition. One modeled the presence or absence of a pRBT bin at a given location,
and the other modeled the probability of values > 0 on a conditional probability of

successes/failures. Ultimately, we combined the two GLMSSN models using the following logic:

GLMSSN1(presence) X GLMSSN2 (conditional) = GLMSSN (hurdle)

The below formula for the GLMSSN is pulled from Peterson et al. (n.d.), and Dumelle et

al. (n.d.):

gw) =X+ 14y +10g t €

Where y is the response vector, X is a matrix of explanatory variables, B is a vector of
fixed effects, 74y, , and T4 are tail-up and tail-down spatially dependent (autocorrelated) random

effects respectively. € is a vector of spatially independent random error. In our case, we know



7
that hybridization follows a distinct longitudinal gradient, however, to incorporate spread in both
directions and for a more ecologically relevant covariate the distance from what we call the
“epicenter of invasion,” Abbott Creek, was used as the sole variable in X. We did not include
Euclidean distance components because hybridization moved along flow-connected paths. We
included exponential versions of tail-up and tail-down components and used the filtered genetic
dataset mentioned above in the formula to inform the predictions of genetic composition in

unsampled locations.

This model provides probabilities of producing fish of a certain pRBT bin at any given
location along the Flathead River, and as the methods (Brennen et al. 2016) are nearly identical
to that of the creation of an isoscape (continuous prediction of isotopes across a wide geographic

area), the term ‘geneticscape’ can be used to describe this tool.

Strontium Isoscape Construction

An ¥7Sr:36Sr isoscape for the Flathead River was developed following Brennan et
al. (2016). A Spatial Stream Network (SSN) was fit to observations of ¥’Sr:¥Sr in water samples
collected across the Flathead watershed. The matrix of explanatory variables for the strontium
SSN included covariates such as geologic composition, geologic age, runoff amount and rate,
and topography (Bataille et al. 2014). The model also included elements which predicted isotope
ratio changes at confluences depending on stream size and relative input, flow direction, and
flow connectivity to estimate 3Sr:36Sr for individual stream segments (mean segment length =
1650 m). This provides a geographically continuous prediction of 8’Sr:¥Sr ratios across the

Flathead River watershed.



Bayesian Natal Assienment Framework

A geographically continuous Bayesian framework was used to calculate posterior
probability distributions of natal origin for each individual (Makhlouf et al. 2025; Brennan,
Schindler et al. 2019). Variance was incorporated into the model including analytical (variance in
repeated standard measurements), within-population (expected variance in otolith isotope ratios
between individuals rearing at the same site), and isotope prediction error (precision of model fit
at a given location) (Makhlouf et al. 2025; Cerling et al. 2007; Brennan, Fernandez, et al. 2015;
Brennan, Cline, and Schindler 2019; Brennan and Schindler 2017). Within population error has
been established by comparing 37Sr:36Sr ratios from a species whose home range is exclusively
within tributaries and no movement between tributaries occurs (Brennan, Fernandez et al. 2015).

We assumed normal distribution of errors and combined them using the following equation:

— 2 2 2
Ocombined = \[G Analytical +0 within—population +0o isoscape

Posterior probability values of provenance for each location (j) were calculated using

Bayes theorem (Wunder 2010; Brennan and Schindler 2017):

P(J =j|O0 =0,R =rj)

<_ (o-1))°

20combined

1

27-"-O-combined

| 1-— ) * phabitat(j) * PGenetics(j)

The probability of an individual assigning to location j is the product of the

probability of the chemical ratio in the natal portion of the otolith (o) given the isotope ratio in
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tributary j (rj), a habitat prior (stream gradient), and a genetic prior which was derived from the
genetiscape and applied for each unique fish ID across all fish in the sample:

Ps
(1+ SE[p(s)]

w;(s) =

The genetic prior at each site was calculated as the hurdle model’s scaled presence p at
location s, penalized by the predictive uncertainty SE at location s. The habitat prior was
restricted to only allow assignment in streams which had a stream gradient less than or equal to
15 degrees, or greater than or equal to five degrees to exclude all improbable locations (too steep
or too flat) for spawning and/or rearing. Segments which fell within this classification were
assigned a prior probability of 1, all other segments were assigned a prior probability of 0.
Adding a stream order prior would have been redundant as the assignment restriction by these

stream gradients is equivalent.

Rate of Spread

For each fish, the distance from the epicenter of invasion (Abbott creek) was
recorded for each likely natal origin location assignment. Within each year class of fish, a single
epicenter distance was drawn at random (with replacement) and a mean of those draws was
calculated across 1000 iterations to determine the mean location (centroid) of production for

each year class.
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Results

Flathead Watershed Modeling

The isoscape created in Brennan at al. 2019 was used as the basis for all
microchemical analysis (Figure 1). The 87Sr:3Sr ratios are stratified to the east and west of the
North Fork of the Flathead. 87Sr:®¢Sr ratios are higher to the west due to the older rock in Glacier
National Park and is lower to the east where the mountains are dominated by newer rock (Bain &
Bacon, 1994). Overall, variation is strong between streams, however, there is, significant spatial
overlap in similar 87Sr:%6Sr ratios across distant geographies. Distinct 37Sr:3Sr ratios were
identified on the east side of the upper north fork (>0.710), Anaconda and Camas (0.731 — 0.748)
sections of the watershed (Figure 1; Figure A4). These distinct signals enable highly precise and
confident assignments of fish to these locations. In places with overlapping chemical signatures,
other tools are needed to refine assignment. The isoscape revealed a high degree of water
87Sr:86Sr signal overlap as a result of similar bedrock geology for much of the watershed,
especially in the lower river, however as highlighted above, we do observe a high degree of
separation between key areas of the river. These isolated unique signals allow assignment to

those areas with extremely high confidence.
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Figure 1. Continuous strontium 37Sr:3¢Sr isotopic ratio values of the Flathead River watershed.

Genetiscape Modeling

There is a strong longitudinal gradient in hybridization (Figure 2) consistent with other
published studies on this region (Bourret et al. 2022; Muhlfeld et al. 2009; Boyer et al. 2008; Hitt
et al. 2003). In the Flathead River, non-hybridized WCT and RBT are most likely to be produced
in the upper and lower extremes of the river respectively, and hybrid production probabilities
spread around the mid- to lower river (Figure 2). As hybridization extent (pRBT) increases, the
probability of producing a hybrid shifts in a downstream direction due to the strong source of

non-hybridized individuals at Abbott Creek. Conversely, the probability of producing a non-
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hybridized WCT is predicted to be close to 0 in the lower river. Not only is the genetiscape a
valuable and powerful tool to understand the current genetic gradient in the Flathead, but it also
improves precision of natal origin assignments when water chemistry was similar but occurred in

opposing locations.
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WCT, 1 = non-hybridized RBT).
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Natal Origins

Natal origin locations were assigned for 181 fish with varying levels of precision
dependent on natal origin microchemistry, and genetic composition (Figure 4). Mean total length
was 354.1 mm, and mean pRBT was 0.88 (Figure A2; Figure A3). Assignment of all individuals
in our study showed consistent and common presence of trout with high pRBT in the lower river,
and trout with lower pRBT present in the upper river (Figure 4). There were high-hybrid trout
(pRBT > 0.5) originating in middle-river tributaries as well, a potentially strong source of
hybridization. Two fish were assigned to the upper North Fork Flathead with pRBT < 0.01 (0.00
and 0.008 respectively). In the Anaconda/Dutch sub watershed, there were 20 fish assigned natal
origin and had a mean pRBT of 0.52, indicating that these systems are producing individuals

with significant RBT genetic introgression (Table A1).

O
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Figure 4. Natal origin assignment locations of 179 (excluding two individuals considered WCT —
pRBT < 0.01) individual fish mapped along the Flathead Watershed. Points are filled by
proportion RBT genetic composition. An individual is likely to have multiple likely locations for
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natal origin assignment due to uncertainty, so one point is not equal to one fish. Size of points are

associated with overlapping assignments, so larger points indicate more fish assigned to a given
area.

Production of hybrid trout in the Flathead River is consistently higher in the lower river
on any given year (Figure 5). Our natal origin assignments show that there is production of
hybrid trout occurring in upper North Fork Flathead, Camas, and Anaconda tributaries (Figure
5). This is evidence of strong source populations which are contributing to the spread of
hybridization. Production in the Camas and Anaconda tributaries is inconsistent, but generally
not the majority of production. Our data depicts consistently high production in the Abbott Creek
area (Figure 5). Sampling was strongly biased to that location, however, we still found a
substantial number of hybrids from the Anaconda/Dutch sub-watershed suggesting that other

areas are also major contributors to hybridization (Figure 5).
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Figure 5. (A) Cumulative relative production map of individuals of pRBT >=0.95 (n = 137). (B)
Cumulative relative production map of individuals of pRBT < 0.95. Cumulative values were
scaled by maximum site which created the index from 0 (no fish assigned) to 1 (sites with most
fish assigned). Dark blue colors show where the most production occurs, and lighter blue where
less production occurs. Only sites with >10% of the max assignment were included to exclude
very low probability of assignment and unrealistic locations.

Another interesting note regarding the suppression section is that no traps
(capturing fish migrating upstream to spawn) were set upstream of the suppression section, yet
we captured fish in traps whose natal origins were assigned to the upper North Fork Flathead,
Camas, and Anaconda tributaries (Figure S1). Although most fish were captured by boat
electrofishing, the distribution of natal origin assignments suggests both methods produce

representative samples of fish originating from various parts of the watershed.
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Despite interannual variability, the general trend of production of RBT in the
Flathead River emanating away from Abbott creek (initial site of RBT introduction in the
Flathead River) at a rate of 985 m/yr (Figure 6A). This suggests that RBT spread is ongoing and
continuing to progress into WCT habitat. A linear interaction model showed that the rate of
spread of fish with pRBT > 0.95 is significantly slower (p = 0.01, R? = 0.63) than the rate of

spread of fish with pRBT < 0.95 (Figure 6B).

from epicenter (km)

Mean Distance from epicenter (km)

Year class Year class

Figure 6. (A) Whole population (n=177) linear regression analysis on distance from epicenter
over time (R? = 0.193, P = 0.204). (B) Blue = fish of pRBT > 0.95 (n = 137), Red = fish of pRBT
< 0.95 (n = 40). Mean absolute distance of production assignments per year from epicenter of
RBT introduction, Abbott Creek (£95% confidence interval), across year classes (2012 —2021).
The linear regression models (R? = 0.223, P =0.168, and R? = 0.435, P = 0.0533 for blue and red
lines respectively) suggests a significant (p = 0.013, R> = 0.596) increase in distance of
production from Abbott Creek over time.

Discussion

By coupling genetiscape and isoscape methods, we show that hybrid trout production is
concentrated in source populations but advancing upstream at measurable rates with notable

production locations in Glacier National Park. Monitoring presence only provides a glimpse into
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the invasion dynamics of an invasive species. Understanding where reproduction is occurring,
and therefore the source of spread, is key to effectively managing an invasive species (Norbury,
2017). Effective management also requires methods for improved precision of natal origin
assignment that can reduce the uncertainty and ambiguity of more traditional approaches
(Makhlouf et al, 2025; Brennan et al, 2019; Brennan et al, 2017; Muhlfeld et al, 2012). Our
combined assignment algorithm which incorporates continuous isotopic and precise genetic
assignment allows inference about invasion dynamics which cannot be achieved with either

approach alone.

Anecdotal evidence has indicated that hybrid sources in the Flathead may be non-
randomly distributed — through our new insight into the invasion dynamics in the Flathead, we
provide empirical evidence that hybrid trout production is spatially structured. There is a
persistent concentration of production in downstream areas around Abbot Creek which was the
site of initial RBT introduction in the Flathead, and consistent with known source populations
(Bourret et al., 2022; Boyer et al., 2008; Muhlfeld et al., 2014). Despite having detected hybrid
adult presence throughout a wide range of the Flathead watershed, the lower sections of river
near Abbot creek outweigh the cumulative relative production of the system, indicating that it

remains the source of RBT and their hybrids in the Flathead in any given year.

Detectable spread of hybrid production is occurring in the Flathead in an upstream
direction despite years of ongoing suppression. There are high-hybrid fish being produced
upriver in the Big Creek, Anaconda, and Camas drainages. With a mean pRBT of the fish
assigned to Anaconda and Camas drainages being 0.52, they are sources of substantially

hybridized trout and a threat to future upstream spread. We calculated the rate of spread for RBT
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in the Flathead system to be 985 m/yr (for brood years 2013 — 2021; Figure 6), which confirms
the increasing frequency of production in locations other than Abbott creek. The rate of spread in
the Flathead appears relatively slow considering the initial introduction was between the late
1800s to early 1900s, but there are no reference studies which quantify the pace of salmonid
invasions over space and time. Our results suggest that RBT spread remains spatially constrained
in this system. These findings provide rare empirical insight into the invasion dynamics in a
dendritic river network. Additionally, our results have considerable conservation implications for
informing how the spread of invasive RBT should be managed. Invasive genes have not made
their way into every native WCT population in the Flathead, emphasizing that previous and

ongoing management efforts are warranted.

The ability to parse out production from presence fundamentally changes how invasion
risk is assessed. Production of new individuals is what allows an invasive species to persist, and
the reproductive hotspots generated are catapults for continued invasion (Schrieber & Lachmuth,
2017). Traditional management of invasive species in dendritic river networks has used species
presence as a means to identify where suppression should take place. Identifying population
production sources may now allow control methods to assume a “bottom up” effect on the
population. Such an approach could reduce possible positive density-dependent effects at low
adult densities which may facilitating continued RBT persistence even after decades of
suppression (Norbury, 2017). With improved resolution and the ability to identify productivity
hotspots on a management-relevant scale, suppression can be better targeted at those sources.
However, our findings also suggest that genetic composition may need to be considered to

further improve suppression efficiency. Strong year-to-year dominance of production in the
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lower river for pRBT >= 0.95 (Figure 5A) points to different life-history strategies in that
population compared to populations comprised of individuals with pRBT < 0.95 (figure 5B).
This supports the findings of Bourret et al, 2022, in which they found that hybrids with pRBT >
0.5 were 5.7 times more likely to stray from their natal streams than native WCT or hybrids with
less RBT ancestry. Relative production, rates of spread (figure 6), and straying (Bourret et al,
2022) all have a strong relationship along the pRBT/hybridization gradient — this is
compounding support for the consideration for integrating phenotype-dependent invasion risk

into future analyses.

The genetiscape-isoscape framework is a broadly applicable tool in systems where there
is strong genetic structure to answer questions about species movement in a dendritic river
network at the intersection of dispersal, reproduction, and connectivity. The ability to use
samples which span such a broad timespan allows for not only modeling of current and future
trends, but also understanding the process of invasion of an invasive species. Coupling these
results with other potential environmental or anthropogenic potentially explanatory variables has
vast implications for understanding invasive species behavior and ecology. Our case study in the
Flathead River watershed provides a glimpse of the possibilities available with the application of

this new analytical framework.

Conclusion

Salmonids have been introduced globally and have well documented deleterious effects
on native species and the surrounding ecosystems (Correa et al, 2012; Korsu et al, 2010;

Crawford & Muir, 2008). The new genetiscape tool in concert with precise isoscapes and otolith
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microchemical analysis provides more accurate natal origin assignment in complex systems. We
found that despite the first introduction of rainbow trout being almost a century ago, production
sources and highest areas of relative production remain near the initial site of introduction,
Abbott Creek. Genetiscape modeling supports our natal origin data by showing that the highest
probabilities of producing fish of 0.95-1 pRBT are highest in the lower river, demonstrating its
usefulness as a tool on its own where genetic structure is strong. Rates of spread differ
significantly between RBT (pRBT > 0.95) and hybrids, additionally showing that hybrids are the
primary contributors to the ongoing spread rather than invasive RBT themselves. Varying
phenotype-dependent invasion risks exist within populations and should be accounted for when
developing management plans. Our study provides a baseline for future work studying the

invasion of salmonids in the Flathead or other systems globally.

Subsequent research will focus on unraveling key life-history strategies that may
work to counteract the deleterious effects on fitness of hybridization. Life-history analysis will
provide insight on basic scientific understanding of aquatic invasive species movement which is
valuable as they become one of the leading threats to biodiversity loss globally and specifically
in the Intermountain West (Bell et al., 2021; Clavero & Garciaberthou, 2005). Understanding
how invasives interact with native species and how they move through river systems will be

critical to the preservation of the remaining native WCT communities.
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Thesis Conclusion

Our results demonstrate that understanding invasive species dynamics requires shifting focus
from where individuals are observed to where populations are produced and sustained. By
integrating multiple lines of evidence to resolve production across space and time, we show that
invasion dynamics can be strongly phenotype-dependent. These findings challenge conventional
approaches of management which have been focused on removal of invasives based on presence
or abundance alone. Our results suggest that instead, management should target key sources of
population growth and spread. We provide a generalizable framework for studying invasion in
complex, connected ecosystems, where spatial structure and life-history interact to shape
population dynamics. As environmental change pressures native species, improving our ability to
target the mechanisms that sustain invasions will be critical for effective management.
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APPENDIX

SUPPLEMENTAL INFORMATION



Table A 1. Proportion and count of all individual fish (n = 181) assigned to each watershed
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section.
Watershed section Number of individuals | Proportion
Anaconda 15 0.0698
Big Creek 5 0.0233
Camas 11 0.0512
Middle Fork 15 0.0698
Suppression 164 0.7630
Upper North Fork 5 0.0233
. Boat Trap
’
Hybrid Category
& g/ ° LH:b
: o,

Figure A1. Individual natal origin locations filled by hybrid category for each capture method.
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Figure A2. Length frequency for 185 fish. Mean length = 354.1 mm.
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Figure A3. pRBT frequency for 185 fish. Mean pRBT = 0.88.
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Figure A4. Watershed sections of primary focus for production proportions. Suppression section
includes Abott Creek, Rabe Creek, Third Creek, Ivy Creek. Big Creek drainage includes
Langford Creek (long term monitoring stream). Camas Creek drainage includes McGee Creek.
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