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ABSTRACT 

 
The collapse of native Yellowstone cutthroat trout Oncorhynchus clarkii bouvieri 

(hereafter cutthroat trout) in Yellowstone Lake was caused by predation by invasive lake trout 
Salvelinus namaycush. As an ecosystem with a low-diversity fish assemblage and several long-
term data sets, Yellowstone Lake provided a unique opportunity to evaluate the influence of an 
invasive salmonid population undergoing suppression beyond only predator-prey dynamics. Diet 
data for cutthroat trout and lake trout were evaluated at varying densities to determine the effects 
of density on diet composition and diet plasticity. During the lake trout high-density state, lake 
trout consumed fewer native cutthroat trout and switched to amphipods, which were also 
consumed by cutthroat trout, resulting in high diet overlap between the species. As suppression 
reduced invasive lake trout densities, lake trout returned to consuming cutthroat trout and diet 
overlap was released. A shift in lake trout δ13C signatures from the high-density state to the 
moderate-density state also corroborates higher consumption of cutthroat trout and invasive lake 
trout diet plasticity. Beyond predator-prey dynamics of lake trout and cutthroat trout, the 
invasion of lake trout caused ≥25% change in energy flux for all organisms in Yellowstone Lake 
except for copepods. Food-web functional state did not change among food webs, but percentage 
of functional state contributing to total flux did vary. Herbivory was the dominant food-web 
functional state for all years, with the greatest percentage of flux from herbivory in 2011. In 
addition, by using a whole-ecosystem model that accounted for whirling disease and historical 
(natural) lake-level variation, I show that suppression of the lake trout population is necessary for 
cutthroat trout recovery, but the amount of suppression effort needed for cutthroat trout to reach 
recovery benchmarks is linked to severity of climate change. Additionally, if climate change 
increases the frequency and severity of reduced lake levels in the future, cutthroat trout recovery 
benchmarks may need to be adapted. With this research, I demonstrate how the feedbacks among 
predator-prey dynamics, disease, and climate change can complicate the suppression of invasive 
species and the conservation of invaded ecosystems and must be considered for establishing 
realistic conservation benchmarks.
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CHAPTER ONE 

1. INTRODUCTION TO DISSERTATION 

Invasive species are the second greatest threat to biodiversity loss in North America 

(Mooney & Cleland, 2001) because they can induce ecosystem collapse (Sala et al., 2000). 

Specifically, invasive species are a leading threat to aquatic ecosystems (Pimentel et al., 2005; 

Ricciardi & Rasmussen, 1999) and influence native fishes through predation, competition, and 

introgressive hybridization (Rahel, 2000). As a consequence, food-web structure is often altered 

when fishes invade (Eby et al., 2006; Reynolds, 2017; Vander Zanden et al., 1999, 2003; 

Walsworth et al., 2013), resulting in trophic cascades within and across aquatic-terrestrial 

ecosystem boundaries (Ellis et al., 2011; Jackson et al., 2016; Tronstad et al., 2010; Zavaleta et 

al., 2001). Despite the multiple pathways in which invasive species affect ecosystems, much of 

the concern regarding apex invasive predators is focused on their ability to reduce native species 

through predation (Goudswaard et al., 2002; Johnson et al., 2008; Marshall, 2018; Ogutu-

Ohwayo, 1990; Sepulveda et al., 2013).  

Lake trout (Salvelinus namaycush) are an apex predator native to Alaska, northern 

Canada, Laurentian Great Lakes, and parts of New England (Ryder et al., 1981), but have been 

introduced to 15 countries and extensively throughout the western United States (Crossman, 

1995; Martinez et al., 2009). In Yellowstone Lake, invasive lake trout are predators of the native 

Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) population, which represents the 

largest population of nonhybridized Yellowstone cutthroat trout in existence (Gresswell, 2011). 

One of the largest apex invasive species suppression programs in the world occurs in 

Yellowstone Lake, Yellowstone National Park, Wyoming, USA where invasive lake trout are 

suppressed to conserve native Yellowstone cutthroat trout (Koel et al., 2020). Increases in lake 
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trout and declines in Yellowstone cutthroat trout due to lake trout predation caused a trophic 

cascade within the lake (Tronstad et al., 2010) that expanded to tributary streams (Tronstad et al., 

2015) and the terrestrial ecosystem (Baril et al., 2013; Crait & Ben-David, 2006; Koel et al., 

2019; Teisberg et al., 2014). The National Park Service initiated a lake trout suppression 

program in 1995 with the purpose of reducing lake trout abundance (Syslo et al., 2016) to 

decrease predation on cutthroat trout (Ruzycki et al., 2003) and prevent ecosystem collapse. With 

the introduction and expansion of lake trout in Yellowstone Lake, studies focusing on the diets of 

lake trout and cutthroat trout (Ruzycki et al., 2003; Syslo et al., 2016) were conducted to identify 

diet composition and describe potential diet shifts. Since the beginning of the suppression 

program, about 3.35 million lake trout were removed by 2019 (Koel et al., 2020), and the lake 

trout population is showing signs of decline (Syslo et al., 2020). 

Examining the plasticity in diet composition, diet overlap, and trophic position of 

invasive and native fishes in altered ecosystems is critical for determining the effects of 

introduced species and establishing recovery benchmarks of native species. The objectives of 

Chapter 2 were to assess trophic overlap and temporal diet shifts for Yellowstone cutthroat trout 

and lake trout following the intensive suppression of lake trout and possible recovery of 

Yellowstone cutthroat trout. Specifically, I wanted to determine if lake trout exhibited diet 

plasticity during their time in Yellowstone Lake and compared lake trout and Yellowstone 

cutthroat trout diets to previous studies. To evaluate trophic overlap, I examined diet contents 

and stable isotopes of Yellowstone cutthroat trout and lake trout from 2018 through 2019 and 

compared to Syslo et al. (2016). Diets assessed from 2018 through 2019 were compared to 

previous studies for lake trout and Yellowstone cutthroat trout to evaluate whether lake trout 

exhibited diet plasticity during their introduction, establishment, and suppression. Understanding 
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the effect of prey switching by an apex predator is critical for establishing realistic suppression 

targets and conservation benchmarks in invaded ecosystems.  

Extensive monitoring and research has been conducted on organisms other than trout in 

Yellowstone Lake (e.g., Furey et al., 2020; Koel et al., 2019, 2020; Tronstad et al., 2015; Wilmot 

et al., 2016), especially after the introduction of lake trout and the subsequent trophic cascade 

(Tronstad et al., 2010). An abundance of information exists for the organisms of Yellowstone 

Lake, including recently estimated ecological information such as biomass and diet composition 

along with published estimates of biomass and diet composition. The work of past and 

contemporary researchers provided the opportunity to investigate more than predator-prey 

dynamics in Yellowstone Lake (see below). 

 Understanding how the loss or addition of a species influences the stability and function 

of ecosystems is critical for maintaining ecosystem persistence (McCann, 2000). Rather than 

using competitive or predator-prey interactions to quantify the influence of an invader on an 

ecosystem, we may better understand the consequences of invaders by considering food-web 

properties that directly reflect feeding relationships among species in the invaded ecosystem such 

as biomass or energy exchange. Functional states (i.e., herbivory, detritivory, carnivory; Gauzens 

et al. 2019) can also reflect the influence of an invader on food webs; the dominant functional 

state can determine susceptibility to successful invasions (Sperfeld et al., 2010). The objective of 

Chapter 3 was to investigate the influence of lake trout on the Yellowstone Lake food web 

through “food-web energetics approach” (de Ruiter et al., 1995; Hunt et al., 1987). I combined 

recently-estimated ecological information such as biomass and diet composition along with 

published estimates of biomass, metabolic demand, ecological efficiencies, and diet composition 

to compare the energetic fluxes of two communities: a “pristine” network including an apex 
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zooplanktivore, Yellowstone cutthroat trout (Jones et al., 1993), and an “invaded” network 

including an apex piscivore, invasive lake trout (Koel et al., 2019; Syslo et al., 2016, 2020). I 

compared the two networks to understand whether the introduction of lake trout changed the 

biomass flow, the functional state, and the stability of the food web. Using the food-web 

energetics approach and comparison of functional states to understand the influence of invasive 

species on a food web can aid in the understanding of how invaders influence the stability and 

function of ecosystems.  

Despite the extensive research conducted in Yellowstone Lake, specifically the effort 

allocated toward the lake trout suppression program, the response of the ecosystem to lake trout 

suppression has not been evaluated. The objective of Chapter 4 was to determine the response 

of non-lake trout organisms to the lake trout suppression program, with particular focus on the 

response of Yellowstone cutthroat trout. I used Ecopath with Ecosim (Christensen & Pauly, 

1992) along with inputs of diet, fishing effort, fishing harvest, and timeseries of biomasses to 

establish a whole-ecosystem model of Yellowstone Lake. Using this model, I compared the 

estimated relative biomass of cutthroat trout to established recovery benchmarks (Koel et al., 

2020) and determined whether suppression program effort could be reduced while achieving 

recovery benchmarks. 

Finally, Chapter 5 describes conclusions of the research conducted in Chapters 2, 3, and 4. 

As a note, Chapters 2, 3, and 4 were developed for publication; therefore, I use the pronoun “we” 

throughout the chapters to acknowledge the contributions of coauthors and the chapters may vary 

regarding punctuation and capitalization.  
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Abstract 

1. Invasive species, especially apex piscivores, can severely alter food web structure and 

cause ecosystem collapse. Diet plasticity is a common behavior exhibited by piscivores 

to sustain predator biomass when preferred prey biomass is reduced. Invasive piscivore 

diet plasticity could complicate suppression success; thus, understanding invasive 

predator consumption is critical to meeting conservation targets.  

2. Here, we determine if diet plasticity exists in an invasive apex piscivore and how 

plasticity could influence native species recovery benchmarks and invasive species 

suppression goals. We compared diet metrics and stable isotope signatures of invasive 

lake trout and native Yellowstone cutthroat trout from Yellowstone Lake, Wyoming, 

U.S.A. as a function of no, low-, moderate-, and high-lake trout density states.  

3. Lake trout exhibited plasticity in relation to their density; consumption of Yellowstone 

cutthroat trout (cutthroat trout) in the diet decreased 5-fold (diet proportion from 0.89 to 

0.18) from low- to high-density state. During the high-density state, lake trout switched 

to amphipods, which were also consumed by cutthroat trout, resulting in high diet 

overlap (Schoener’s index value, D = 0.68) between the species. As suppression reduced 

lake trout densities, more cutthroat trout (moderate-density state proportion of cutthroat 

trout = 0.42) were consumed, and diet overlap was released between the species (D = 

0.30). A shift in lake trout δ13C signatures from the high- to the moderate-density state 

also corroborated increased consumption of cutthroat trout and lake trout diet plasticity.  

4. Observed declines in lake trout are not commensurate with expected cutthroat trout 

recovery due to lake trout diet plasticity. We believe that even though lake trout density 

may decrease due to suppression, cutthroat trout may take longer to reach conservation 
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benchmarks because lake trout consumption of cutthroat trout may be more rapid than 

cutthroat recovery. 

5. The abundance of the native species in need of conservation may take longer to recover 

due to the diet plasticity of the invasive species. The changes observed in diet, diet 

overlap, and isotopes associated with predator suppression provides more insight into 

conservation and suppression dynamics than using predator and prey biomass alone. By 

understanding these dynamics, we can better prepare conservation programs for 

potential feedbacks caused by invasive species suppression.  
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Introduction 

Invasive species are the second greatest threat to biodiversity loss in North America 

(Mooney & Cleland, 2001) because they can induce ecosystem collapse (Sala et al., 2000; 

Vitousek et al., 1996). Specifically, invasive species are a leading threat to aquatic ecosystems 

(Pimentel et al., 2005; Ricciardi & Rasmussen, 1999) and influence native fishes through 

predation, competition, and introgressive hybridization (Rahel, 2000). Apex piscivores are some 

of the most harmful invasive species (Moyle & Light, 1996a, 1996b) and prey species are 

usually highly vulnerable to the specific predation behaviors of the newly introduced predator 

(Moyle & Light, 1996a). Characteristics of invasive species, such as maximum body size, 

physiological tolerance (Marchetti et al., 2004), fecundity (García-Berthou, 2007; Marchetti et 

al., 2004), and diet plasticity (Caut et al., 2008; Krawczyk et al., 2013) aid in their establishment 

or expansion in a novel ecosystem. Moreover, invasive piscivores can compete with native prey 

species during juvenile stages because most piscivorous fishes exhibit ontogenetic diet shifts 

(Juanes et al., 2002). Consequently, food-web structure is often altered when fishes invade (Eby 

et al., 2006; Reynolds, 2017; Vander Zanden et al., 1999, 2003; Walsworth et al., 2013), 

resulting in trophic cascades within and across aquatic-terrestrial ecosystem boundaries (Ellis et 

al., 2011; Jackson et al., 2016; Tronstad et al., 2010; Zavaleta et al., 2001).  

Much of the concern regarding apex invasive predators is focused on their ability to 

reduce native species through predation (Goudswaard et al., 2002; Johnson et al., 2008; 

Marshall, 2018; Ogutu-Ohwayo, 1990; Sepulveda et al., 2013). Diet plasticity is common in apex 

predators, whether native or invasive. When preferred prey abundance decreases, apex predators 

maintain fitness, density, or biomass by shifting their diet (Caut et al., 2008; Krawczyk et al., 

2013; McMahon & Bennett, 1996; Roseman et al., 2014). Prey switching can complicate the 
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effects of invasive apex predators on native species when declines in the invasive predator are 

not commensurate with the recovery of preferred prey species. Conserving native species and 

maintaining ecosystem function are the central tenant for many invasive species suppression 

programs (Budy & Gaeta, 2018; Koel et al., 2020; Mueller, 2005; Walsworth et al., 2020; Yick 

et al., 2021). Understanding the effect of prey switching by an apex predator is critical for 

establishing realistic suppression targets and conservation benchmarks in invaded ecosystems.  

One of the largest apex invasive species suppression programs in the world occurs in 

Yellowstone Lake, Yellowstone National Park, Wyoming, USA where invasive lake trout 

(Salvelinus namaycush) are suppressed to conserve native Yellowstone cutthroat trout 

(Oncorhynchus clarkii bouvieri, hereafter referred to as cutthroat trout) (Koel et al., 2020). Lake 

trout are an apex predator native to Alaska, northern Canada, Laurentian Great Lakes, and parts 

of New England (Ryder et al., 1981), but have been introduced to 15 countries and extensively 

throughout the western United States (Crossman, 1995; Martinez et al., 2009). Predatory demand 

of introduced lake trout caused declines in native fish populations (Donald & Alger, 1993; 

Fredenberg, 2002; Koel et al., 2019; Martinez et al., 2009) and altered ecosystem structure and 

function (Ellis et al., 2011; Koel et al., 2019; Tronstad et al., 2010), sometimes even before lake 

trout reach high densities (Johnson & Martinez, 2000). Lake trout not only degrade native food 

webs, but also cause major economic loss by altering fisheries and warranting expensive 

suppression programs or hatchery-based native recovery programs (Koel et al., 2020; Martinez et 

al., 2009; Syslo et al., 2013).  

 In Yellowstone Lake, invasive lake trout are predators of the native cutthroat trout 

population, which represents the largest population of nonhybridized cutthroat trout in existence 

(Gresswell, 2011). Several diet studies (Benson, 1961; Dean, 1971; Jones et al., 1993; Scott, 
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1977) were conducted on cutthroat trout before lake trout invaded and found that more cutthroat 

trout consumed amphipods when cutthroat trout density was low in the 1950s (Fig. 2.1). 

Conversely, when cutthroat trout density was high in 1989, more zooplankton were consumed 

(Dean, 1971; Scott, 1977; Tronstad et al., 2015; Fig. 2.1). Increases in lake trout and declines in 

cutthroat trout due to lake trout predation caused a trophic cascade within the lake (Tronstad et 

al., 2010) that extended to tributary streams (Tronstad et al., 2015) and the terrestrial ecosystem 

(Baril et al., 2013; Crait & Ben-David, 2006; Koel et al., 2019; Teisberg et al., 2014). The lake 

trout invasion also induced spatial variation in benthic invertebrate biomass (Wilmot et al., 

2016). The National Park Service initiated a lake trout suppression program in 1995 with the 

purpose of reducing lake trout abundance (Syslo et al., 2016) to decrease predation on cutthroat 

trout (Ruzycki et al., 2003) and prevent ecosystem collapse. With the introduction and expansion 

of lake trout in Yellowstone Lake, trophic cascade (Tronstad et al. 2010), and spatial variation in 

benthic invertebrates (Wilmot et al., 2016), studies focusing on the diets of lake trout and 

cutthroat trout (Ruzycki et al., 2003; Syslo et al., 2016) were conducted to identify diet 

composition and describe potential diet shifts. During lake trout expansion in 1997, larger (>300 

mm total length) lake trout consumed cutthroat trout in high proportion (Ruzycki et al., 2003; 

Fig. 2.1), while zooplankton dominated cutthroat trout diet (Fig. 2.1). Syslo et al. (2016) 

described lake trout and cutthroat trout consuming primarily amphipods in 2012 and having high 

dietary overlap (Fig. 2.1). This research showed a shift in invasive predator and native prey 

consumption during the highest period of lake trout density (Syslo et al., 2020) and the lowest 

period of cutthroat trout density (Koel et al., 2020). 

 Examining the plasticity in diet composition, diet overlap, and trophic position of 

invasive and native fishes in altered ecosystems is critical for determining the effects of 
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introduced species and establishing recovery benchmarks of native species. Diet studies typically 

focus on the effects of invasive piscivory on native fishes or possible trophic overlap during 

initial invasion (Clarke et al., 2005; Schoen et al., 2012); however, quantifying long-term 

changes in diet composition and trophic position is rare (Syslo et al., 2016). Additionally, the 

description of diet composition for invasive fishes during low introductory density, peak density 

during expansion, and reduced density due to suppression has not yet been studied. Thus, we 

designed our study to have two main components. First, we describe the current status of 

cutthroat trout and lake trout diets and stable isotope signatures using similar methodology to 

historical studies for fluid comparison. We then answer the following questions: 1) do invasive 

predator and native prey diets vary as a function of predator and prey density; 2) does strength of 

diet similarity (i.e., overlap) between the invasive predator and native prey vary as a function of 

predator and prey density; 3) if plasticity exists in predator diets, what are the effects of plasticity 

on realistically attaining management benchmarks for the species requiring conservation? These 

questions are within the context of the conservation of native species via invasive species 

suppression. Understanding the predator-prey dynamics in the Yellowstone Lake ecosystem will 

better inform invasive species suppression efforts and time to achieve conservation benchmarks 

for native species.  

Methods 

Study site 

Yellowstone Lake is a large, oligo-mesotrophic lake (Theriot et al., 1997) located in Yellowstone 

National Park, Wyoming, USA (Fig. 2.2), and is the largest lake above 2,000 m elevation in 

North America with a surface area of 34,020 ha, a mean depth of 48 m, and a maximum depth of 
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133 m (Kaplinski, 1991). The lake is typically ice covered from late-December until late May or 

early June. Water temperatures fluctuate between 9°C and 18°C in the summer and a thermocline 

develops during stratification from July through mid-September at about 15 m (Koel et al., 

2020). Diatoms dominate the phytoplankton assemblage (Benson, 1961; Tronstad et al., 2010) 

and the zooplankton community is primarily composed of rotifers Conochilus unicornis, 

copepods (Diacyclops bicuspidatus thomasi, Leptodiaptomus ashlandi, and Hesperodiaptomus 

shoshone; Tronstad et al., 2010), and cladocerans Daphnia spp. (Benson, 1961). Amphipods 

(Hyalella azteca and Gammarus lacustris) are the most common benthic macroinvertebrate 

(Benson, 1961; Wilmot et al., 2016). Native fishes in Yellowstone Lake include Yellowstone 

cutthroat trout and longnose dace Rhinichthys cataractae. In addition to lake trout, other 

nonnative species unintentionally introduced as baitfish include longnose sucker Catostomus 

catostomus, redside shiner Richardsonius balteatus, and lake chub Couesius plumbeus 

(Gresswell & Varley, 1988). 

Field sampling and laboratory processing 

Fishes were sampled throughout Yellowstone Lake (Fig. 2.2) during the ice-free season 

in 2018 and 2019 using gillnetting methods established by the National Park Service (NPS) (see 

Koel et al., 2020 for specifics on sampling methods). Diet samples of cutthroat trout and lake 

trout were collected by season: pre-stratification (before 1 August), stratification (1 August – 20 

September), and post-stratification (after 20 September) — identical to Syslo et al. (2016). We 

sampled at least 15 individuals of each species in 50-mm total length classes starting at 150 mm 

during each season to account for ontogenetic diet shifts. Stomachs from cutthroat trout and lake 

trout that inadvertently died from gillnetting events were extracted and preserved in 70% ethanol. 

We pooled diet data among stratification seasons for subsequent analyses to more accurately 
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complement stable isotope data from Syslo et al. (2016), where stable isotope samples were not 

collected based on stratification season. 

Tissue samples (~10 g of dorsal muscle tissue) were collected for stable isotope analysis 

from the same fish used for diet data. Methods for tissue collection, storage, and preparation 

were identical to Syslo et al. (2016). Five fish from each 50-mm length class were randomly 

subsampled from the 15 fishes collected for diet analysis. Samples were analyzed at the 

University of Wyoming Stable Isotope Facility using an elemental analyzer (Thermo Finnigan 

Delta Plus XP, Costech 4010 and Carlo Erba 1110 Elemental Analyzer, Costech Zero Blank 

Autosampler, and Finnigan Conflo III Interface). Stable isotope ratios were calculated using 

standard procedures outlined in Vander Zanden et al. (1999) and Hershey et al. (2017).  

Stomach contents were analyzed for proportion of diet by wet mass (Chipps & Garvey, 

2007), prey items were identified and separated by taxon, and the blotted wet weights were 

measured using the same methods as Ruzycki et al. (2003) and Syslo et al. (2016). Invertebrates 

were identified to order or family and fishes were identified to species. Taxonomic identification 

categories were selected to match methodology used by Jones et al. (1993), Ruzycki et al. 

(2003), and Syslo et al. (2016) and were defined as: cladocerans, copepods, amphipods, leeches, 

chironomids, insects (which included Ephemeroptera, Trichoptera, Plecoptera, and non-

chironomid Dipterans), mollusks, cutthroat trout, and unidentified fish. 

Analyses 

We did not include cutthroat trout diet data from Benson (1961) in statistical comparisons 

because we only had published, summarized data from the study. Statistical comparisons 

included in our study were conducted using unsummarized data from Jones et al. (1993) “lake 

trout absent”, Ruzycki et al. (2003) “low-density state”, Syslo et al. (2016) “high-density state”, 
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and this study “moderate-density state.” All analyses were conducted using R (R Core Team 

2020; version 4.0.2). We used diet and stable isotopes to represent short- and long-term 

integrations of diet. We wanted to explore potential change in diet by comparing “raw” diet, 

represented by diet proportion and stable isotope signature, and diet similarity, represented by 

overlap index and isotopic overlap. 

Raw diet 

Proportion 

We bootstrapped 95% credible intervals for the mean diet proportion for each diet item 

using methods from Olson (2004). We first described the diet proportions for cutthroat trout and 

lake trout during the moderate-density state and compared length classes within species. We 

made diet proportion comparisons within length class among density states to determine whether 

diet changed with predator density. A difference in diet proportion within length class and 

among states would be supported if 95% credible intervals did not overlap. For cutthroat trout, 

change among density states was focused on differences in proportion of amphipods and 

cladocerans in diet, as these items were of highest proportion in previous studies (Benson, 1961; 

Jones et al., 1993; Syslo et al., 2016). For lake trout, change among density states was focused on 

differences in proportion of amphipods and cutthroat trout in the diet, as these diet items were of 

highest proportion in previous studies (Ruzycki et al., 2003; Syslo et al., 2016).  

Stable isotope signature 

We compared δ15N and δ13C by length group and species to determine whether stable 

isotope signature or trophic position: (1) was different between species within moderate-density 

state and (2) varied between high-density and moderate-density states, as only those states had 
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stable isotope data available. A difference in isotopic signature would exist when comparing 

species, length classes, or density states if 95% confidence intervals around the mean signature 

did not overlap.  

Diet similarity  

Overlap index 

We wanted to address the similarity between predator and prey diets in relation to density 

state as similarity can contextualize potential for competition. First, we compared diet similarity 

between cutthroat trout and lake trout for the moderate-density state only. We then compared 

diet similarity for high- and moderate-density states because diet data for comparisons to low-

density state was not available for cutthroat trout, and predator-prey comparisons could not be 

made during absent states.  

Diet overlap between lake trout and cutthroat trout by length group was calculated using 

Schoener’s index of niche overlap:  

   D = 1 – 0.5 (∑ |#!" − #!#|$
!%& ), 

where pij is the contributed proportion of prey type i to the diet for species j and pik is the 

contributed proportion of prey type i to the diet for species k (Schoener, 1968). Values of D ³ 

0.60 indicated a high degree of diet overlap (Wallace, 1981). 

Isotopic overlap 

We used SIBER package in R (Jackson et al., 2011; version 2.1.4) to create 40% 

Bayesian standard ellipses and to calculate percent of ellipse overlap. In addition to the 

Schoener’s index of diet overlap, isotopic ellipse overlap can represent potential diet overlap 

between species in Yellowstone Lake. We used the same criteria as Schoener’s diet index 
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(Wallace, 1981), where isotopic overlap ³ 60% was considered to indicate a high degree of 

isotopic overlap (Guzzo et al., 2013; Pettitt-Wade et al., 2015). We compared overlap between 

species within the moderate-density state and then made comparisons between the high- and 

moderate-density states. 

Results 

Comparisons within lake trout moderate-density state (contemporary state) 

Proportion 

The main diet of cutthroat trout (n = 182) during the moderate-density state was 

amphipods (Fig. 2.3; Table 2.1). Amphipods composed >0.75 of the diet by proportional weight 

in all total length classes in the moderate-density state (Table 2.1) followed by insects. The third 

most consumed diet items by weight were chironomids for the 100 – 300 mm length class, 

cladocerans for the 301 – 475 mm length class, and copepods for the 476 – 575 mm length class 

(Table 2.1). However, 95% CIs overlapped for many of the diet item proportions within and 

among length class. 

We analyzed the stomach contents of 204 lake trout from the moderate-density state. The 

main diet items for lake trout >300 mm were amphipods and cutthroat trout (Fig. 2.3; Table 2.1). 

Copepods composed the largest proportion of diet by weight for lake trout in the 100 – 300 mm 

length class with amphipods as the secondary diet item and chironomids as the tertiary diet item 

(Table 2.1). Amphipods composed 0.45 (0.32 – 0.59 CI) and cutthroat trout composed 0.20 (0.08 

– 0.32 CI) of diet weight for 301 – 475 mm lake trout — indicating that piscivory by lake trout 

on cutthroat trout begins when lake trout are approximately >300 mm in length (Table 2.1). 

Larger lake trout (476 – 575 mm length) were primarily piscivorous; 0.42 (0.20 – 0.64 CI) 
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contents by weight were confirmed cutthroat trout. Lake trout 576 – 1000 mm length class 

consumed 0.51 proportion of fish of which 0.26 (0.11 – 0.39 CI) were confirmed cutthroat trout 

and 0.25 (0.11 – 0.40 CI) were unidentified fish (Table 2.1). Four fully intact cutthroat trout were 

recovered from lake trout diets with an average total length of 187.8 mm (54.7 standard 

deviation). Amphipods composed 0.25 (0.09 – 0.61 CI) of diet weight for the 476 – 575 mm 

length class and 0.37 (0.21 – 0.52) of diet weight for the 576 – 1000 mm length class of lake 

trout. 

Stable isotope signature 

Cutthroat trout (n = 137) and lake trout (n = 161) occupy different trophic space for the 

moderate-density state in Yellowstone Lake (Table 2.2; Fig. 2.4a). Values of δ13C varied from –

27.40‰ to –13.90‰ for cutthroat trout (Fig. 2.4a) and from –27.60‰ to –14.00‰ for lake trout 

(Fig. 2.4a). Values of δ15N varied from 4.80‰ to 8.60‰ for cutthroat trout (Fig. 2.4a) and from 

4.90‰ to 10.10‰ for lake trout (Fig. 2.4a). All length classes of lake trout were enriched in δ15N 

relative to all cutthroat trout length classes. Cutthroat trout had on average higher values of δ13C 

compared to lake trout (Fig. 2.4a). 

Overlap index 

During the moderate-density state, Schoener’s index of diet overlap was <0.6 for all 

combinations of species and length class (Fig. 2.5a). Diet overlap was lowest between 476 – 575 

mm cutthroat trout and lake trout (Fig. 2.5a) and was highest among all cutthroat trout length 

classes and 301 – 475 mm lake trout (Fig. 2.5a). 

Isotopic overlap 
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Standard Bayesian ellipses did not overlap between species during the moderate-density 

state (Fig. 2.4a). Overlap was present within species among length classes. Cutthroat trout 

overlap was <60% for all length class comparisons, with 100 – 300 mm and 301 – 475 mm 

length classes having the most overlap at 38.4% (Fig. 2.4a). Lake trout overlap was high for most 

comparisons. Overlap was >60% for comparison between 475 – 575 mm and 576 – 1000 mm 

lake trout at 94.4% and was 83.7% for comparison between 100 – 300 mm and 301 – 475 mm 

lake trout (Figure 2.4a).   

Comparisons among density states 

Proportion 

Diets of cutthroat trout varied among lake trout density states with reliance on amphipods 

more common when cutthroat trout densities were low. Cutthroat trout shifted from an 

amphipod-rich diet when lake trout were absent and cutthroat density was low (0.48 amphipods), 

to a cladoceran-rich diet when lake trout were absent and cutthroat density was high (0.83 

cladocerans), to an amphipod-rich diet during the lake trout high-density state (mean 0.79 among 

length classes), and the diet continued to be primarily amphipods in the lake trout moderate-

density state (mean 0.85 among length classes; Table 2.1).  

Diets of lake trout varied among lake trout density states with piscivory more common at 

lower lake trout densities. Diet proportion of copepods in the 100 – 300 mm lake trout length 

class was 0.03 (0.00 – 0.04 CI) during the low-density state (1996 – 1999), 0.40 (0.33 – 0.49 CI) 

during the high-density state (2011 – 2013), and 0.50 (0.39 – 0.66 CI) during the moderate-

density state (Table 2.1). Lake trout in the 301 – 475 mm, 476 – 575 mm, and 576 – 100 mm 

length classes shifted from consuming primarily cutthroat trout during the low-density state to a 
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diet of primarily amphipods during the high-density state and reverted to consuming cutthroat 

trout during the moderate-density state (Table 2.1).  

Stable isotope signature 

Cutthroat trout trophic position did not change in response to lake trout density, although 

a change in lake trout trophic position was observed. No evidence existed to suggest a difference 

in cutthroat trout δ13C and δ15N signatures between high- and moderate-density states because 

95% confidence intervals overlapped for all δ13C and δ15N means (Table 2.2). However, the 

evidence supported a difference in δ13C and δ15N for lake trout in some length classes between 

high- and moderate-density states (Table 2.2). Data suggested more negative δ13C signatures for 

the high- than the moderate-density state for the 301 – 475 mm and 575 – 1000 mm lake trout. 

Higher δ15N signatures were observed for the high-density state than the moderate-density state 

for the 100 – 300 mm and 576 – 1000 mm lake trout (Table 2.2). 

Overlap index 

As lake trout density decreased from high to moderate, lake trout and cutthroat trout diet 

overlap was released. During the high-density state, D values were >0.60 for half of the 

comparisons between cutthroat trout and lake trout from varying length-classes (Fig. 2.5b). Diet 

similarity during the high-density state was on average two times higher for comparisons among 

>300 mm lake trout and all cutthroat trout length classes (Fig. 2.5a & b).  

Isotopic overlap 

When comparing isotopic overlap between the cutthroat trout and lake trout, isotopic 

ellipses only overlapped during the high-density state (Fig. 2.4a & b). Lake trout were enriched 

in δ15N compared to cutthroat trout for both high- and moderate-density states (Fig. 2.4a & b). 
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All isotopic ellipses overlapped between the high- and moderate-density states, though the 

magnitude of overlap differed between species and among length classes. For cutthroat trout, a 

high degree of overlap (>60%) existed between the high- and moderate-density state for the 100 

– 300 mm length class (86.7% overlap; Fig. 2.6a & d) and the 301 – 475 mm length class (100% 

overlap; Figure 2.6b & d). Only 18.1% of the ellipse area overlapped between states for cutthroat 

trout in the 476 – 575 mm length class (Fig. 2.6c & d). Isotopic ellipses for lake trout overlapped 

between high- and moderate-density states, though the amount of overlap was <60%. Ellipse 

overlap between states was 58.2% for the 100 – 300 mm length class (Fig. 2.7a & e), 53.1% for 

the 301 – 475 mm length class (Fig. 2.7b & e), 47.6% for the 476 – 575 mm length class (Fig. 

2.7c & e), and 19.8% for the 576 – 1000 mm length class (Fig. 2.7d & e). 

 

Discussion 

Diet plasticity is a common strategy used by invasive piscivores (McMahon & Bennett, 

1996; Roseman et al., 2014); however, studies on invasive piscivores have not explored how diet 

plasticity may influence suppression outcomes. Our results indicated that the apex invasive 

predator, lake trout, exhibited diet plasticity due to suppression and the changing abundance of 

the prefered native prey, cutthroat trout. Lake trout occupied the position of an apex predator 

immediately after colonizing Yellowstone Lake (Ruzycki et al., 2003), then shifted their diet to 

amphipods resulting in a convergent trophic position with cutthroat trout during peak expansion 

(Syslo et al., 2016). Finally, lake trout exhibited trophic plasticity by again consuming cutthroat 

trout, as observed in this study, as lake trout abundance declined because of suppression efforts. 

The plasticity we observed in lake trout diets demonstrated that relationships between predators 

and prey can complicate achieving goals relating to invasive species suppression and native 
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species recovery. Diet plasticity may explain why native species recovery goals are not being 

achieved despite decreases in invasive species densities; if consumption relationships are not 

linear, recovery will not be linear.  

Cutthroat trout diets changed relative to overall trout density. Cutthroat trout fully shifted 

their diets to amphipods from a lake trout absent state (Jones et al., 1993) to a high-density state 

(Syslo et al., 2016), but did not shift their diets to cladocerans from a high- to a moderate-density 

state. Therefore, we did not observe more negative δ13C signatures associated with more reliance 

on pelagic diet items such as cladocerans. However, previous research indicated amphipods are a 

preferred prey item for cutthroat trout (Benson, 1961; Colborn, 1966; Gresswell & Varley, 1988; 

Syslo et al., 2016; Wilmot et al., 2016). When at carrying capacity, intraspecific competition may 

prevent cutthroat trout from consuming amphipods at high proportions (Benson, 1961; Jones et 

al., 1993; Wilmot et al., 2016) because cutthroat trout can quickly reduce amphipod population 

abundance (Luecke, 1990; Macneil et al., 1999; Wilmot et al., 2016) and selectively consume 

larger-bodied amphipods (Luecke, 1990; Wilmot et al., 2016). The initial shift from cladocerans 

to amphipods in cutthroat trout diet was probably due to increased amphipod availability after 

cutthroat trout density declined (Benson, 1961; Syslo et al., 2016; Tronstad et al., 2015; Wilmot 

et al., 2016). Lower density of cutthroat trout, due to lake trout predation, released amphipods 

from predation (Wilmot et al., 2016). Furthermore, we believe cutthroat trout influence 

amphipod abundance more than other fishes in Yellowstone Lake because amphipods comprise 

<10% of diet proportion by weight for longnose sucker (Furey et al., 2020) and most Leucisids 

(Glassic et al., 2021). Cutthroat trout abundance peaked at 3.5 million individuals (1.2 – 11.2 

million; 95% CI) (Koel et al., 2007; Koel et al., 2020) then declined to ~ 1.7 million (1.2 – 2.3 

million; 95% CI) immediately after lake trout were established (Ruzycki et al., 2003). During the 
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apex of expansion, lake trout abundance peaked at 992,960 (759,050 – 1,123,690; 95% CI) 

individuals in 2012 (Syslo et al., 2020). The loss of about 1 million cutthroat trout from the 

ecosystem could explain why more amphipods were observed in cutthroat trout diets even during 

the highest lake trout density.  

We observed plasticity in diet proportion, stable isotope signatures, and diet overlap as a 

function of predator densities. As hypothesized, large lake trout (>300 mm) shifted their diets to 

cutthroat trout as the density of lake trout decreased; supporting prior studies showing that lake 

trout consume prey fishes in proportion to their relative densities in the environment (Elrod & 

O’Gorman, 1991; He et al., 2015; Morbey et al., 2007; Rand & Stewart, 1998). Isotopic niche 

overlap, which can provide insight into whether dietary overlap may occur (Guzzo et al., 2013; 

Pettitt-Wade et al., 2015), was minimal between lake trout and cutthroat trout during the lake 

trout high-density state (Syslo et al., 2016) and absent in the moderate-density state (this study), 

suggesting dietary niche partitioning occurred during the moderate-density state (Heithaus et al., 

2013).  

Lack of observed dietary niche overlap during the moderate-density state between 

cutthroat trout and lake trout can be largely attributed to the lake trout shift towards piscivory, 

additionally supported by our Schoener’s index of diet overlap analyses. However, lake trout in 

the moderate-density state that consumed high proportions of cutthroat trout were not enriched in 

δ15N relative to lake trout in the high-density state that consumed low proportions of cutthroat 

trout. Declines in δ15N for lake trout observed in the medium-density state compared to the high-

density state are likely due to nutrient dynamics in Yellowstone Lake as opposed to lake trout 

diet. First, we observed decreases in δ15N signatures for cutthroat trout and lake trout from the 

high- to medium-density state. Dynamics beyond diet are likely driving δ15N signatures because 
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cutthroat trout diets did not change between states, yet a decrease in δ15N was observed for 

cutthroat trout. Atmospheric deposition of N has increased due to anthropogenic emissions 

driving negative trends in basal δ15N (Yang and Gruber, 2016). Increased atmospheric N 

deposition over time could lead to decreased δ15N signatures for lake trout and cutthroat trout 

observed in this study. Although δ15N lake trout signatures did not increase with piscivory as 

expected, the observed increase in δ13C signatures for piscivorous lake trout during the 

moderate-density state corroborates the diet shift toward 100 – 300 mm cutthroat trout and 

expected δ13C signatures for that prey. Our results mirror other isotopic studies where lake trout 

often exhibit low degrees of isotopic overlap with other invertivore salmonid species (Mumby et 

al., 2018; Yuille et al., 2015); that is, even when consuming similar diets isotopic overlap 

between lake trout and cutthroat trout was low (Syslo et al., 2016). However, lake trout can 

exhibit high degrees of overlap when compared to piscivorous salmonids (Clarke et al., 2005; 

Guy et al., 2011); even when a diet shift was observed, isotopic overlap was high between high- 

and moderate-density states. From our decadal comparison of diet and stable isotope similarity 

and overlap, we observed a clear signal that invasive piscivorous lake trout exhibited diet 

plasticity as the predator and prey populations responded to 24 years of suppression and varying 

densities.  

As cutthroat trout density increased in response to lake trout suppression, a higher 

proportion of cutthroat trout in lake trout diets will have important implications for management. 

The National Park Service established conservation benchmarks for cutthroat trout and 

suppression benchmarks for lake trout in Yellowstone Lake. The primary benchmarks are a catch 

per unit effort (CPUE) of 40 cutthroat trout in fall assessments (~3.5 million individuals), 

100,000 lake trout, and a desired condition to “restore cutthroat trout to pre-lake trout 
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abundance” (Koel et al., 2020). Secondary benchmarks are a CPUE of 26 cutthroat trout (~1.7 

million individuals; Ruzycki et al., 2003) and a desired condition to “restore cutthroat trout to 

abundance during early stages of lake trout invasion” (Koel et al., 2020). The National Park 

Service met the secondary benchmark for cutthroat trout in 2013 (CPUE 27) and 2017 (CPUE 

26) (Koel et al., 2020). Achieving the primary benchmark for lake trout would reestablish the 

low-density state observed in 1998, and lake trout diet would be composed of an overwhelming 

majority of cutthroat trout (Ruzycki et al., 2003), though the size structure of the population may 

shift towards more abundant, smaller lake trout. 

Lake trout consuming cutthroat trout is likely the largest cause of cutthroat trout decline, 

as each piscivorous lake trout was estimated to consume 41 cutthroat trout per year (Ruzycki et 

al., 2003). During 1996, the estimated lake trout population (>3 yr of age) consumed 

approximately 522,000 cutthroat trout (Ruzycki et al., 2003). Even at low lake trout abundances, 

cutthroat trout were declining because of predation, whirling disease, and increased frequency of 

climate change-induced climate change conditions (Koel et al., 2005; Kaeding, 2020). Thus, we 

present evidence that the primary desired condition to “restore cutthroat trout to pre-lake trout 

abundance” (Koel et al., 2020) in the presence of a low-density lake trout population is 

questionable given the observed lake trout diet plasticity and the continued presence of whirling 

disease and climate change effects. Nevertheless, suppression of lake trout benefits the 

Yellowstone Lake ecosystem (Koel et al., 2020) and revised suppression benchmarks could 

focus on more realistic desired conditions given the knowledge gained on predator-prey 

dynamics from the last seven decades.  

 Broad niches driven by diet plasticity are considered one of the most important 

characteristics of invasive species, benefiting colonization, establishment, and spread of the 
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species once introduced (Caut et al., 2008; Krawczyk et al., 2013; Lodge, 1993; Moyle & Light, 

1996a; Peterson & Vieglais, 2001). Diet plasticity benefits apex predators by increasing 

resilience to environmental stochasticity, such as changes in the availability of prey species 

(Creel et al., 2018; Munroe et al., 2014; Robinson et al., 2019; Szepanski et al., 1999). High 

trophic plasticity is often attributed to successful expansion and establishment of invasive 

species. For example, invasive black rats (Rattus rattus) exhibit diet plasticity by shifting their 

diet to sea turtle hatchlings in the absence of seabird prey (Caut et al., 2008) allowing them to 

maintain high densities on islands. Broad and plastic isotopic niches have allowed invasive 

Gobiidae to establish in the Great Lakes (Pettitt-Wade et al., 2015), while invasive juvenile 

largemouth bass (Micropterus salmoides) displayed diet plasticity, leading to successful 

establishment in Iberian streams (Almeida et al., 2012). Only adult lake trout in Yellowstone 

Lake exhibit trophic plasticity, which could explain why the population has been resilient to 

suppression. Given the availability of different prey species, lake trout in Yellowstone Lake can 

successfully partition resources while maintaining positive population growth, even during 

suppression, regardless of cutthroat trout density.  

Understanding the response of predators to suppression techniques is essential for 

success. Management programs often focus on predator response by monitoring density, but 

species removal or suppression can result in unexpected changes to other components of the 

ecosystem (Zavaleta et al., 2001), including food-web interactions (Caut et al., 2008). Predator 

diets can be used as a sampling tool, both to monitor prey species abundance (e.g., Fahrig et al., 

1993; Lepak et al., 2006; Link, 2004; Link & Ford, 2006) and changes in invasive predator 

behavior (e.g., Caut et al. 2008, Bodey et al. 2010). Identifying dietary plasticity in an invasive 

predator in response to suppression (Bodey et al., 2010) can aid adaptive management by 



  
 

 

33 

targeting removal efforts in specific locations or by identifying species to conserve due to 

increased predation. We present evidence that using food-web frameworks clarifies complexities 

surrounding invasive species suppression (Zavaleta et al., 2001). Eradicating or suppressing an 

invasive predator can sometimes increase the consumption of native species; therefore, studying 

food-web interactions can inform management of invasive species (Zavaleta et al. 2001; Fig. 

2.8). In Yellowstone Lake, effectively two states of lake trout exist, states “created” in response 

to suppression: cutthroat trout-consuming adults and amphipod-consuming adults. The dynamics 

observed in Yellowstone Lake clarify complex relationships between predators and prey that 

could be investigated throughout native conservation and invasive suppression programs.  

Our conceptual model of the effects of apex predator diet plasticity and suppression 

efforts illustrate the complexities and delay in recovery of a native species in need of 

conservation (Fig. 2.8). For example, during the period of invasive apex predator expansion, 

invasive apex predator consumed the preferred prey (species in need of conservation) in high 

proportion, causing a decline in the preferred prey abundance. Once the invasive species caused 

a decline in the preferred prey, the invasive species switched their diet to the less-preferred prey. 

The native species in need of conservation begins to recover during the period when the invasive 

species is consuming the less-preferred prey because severe predation pressure is released. As 

suppression efforts cause a decline in the invasive apex predator, natural resource agencies 

would expect the abundance of the native species in need of conservation (Fig. 2.8, purple dotted 

line) to recover to the same abundance observed before invasive species expansion. However, 

the abundance of the native species in need of conservation cannot recover or may take longer to 

recover to the densities before invasive expansion because of the diet plasticity of the invasive 
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species; the invasive predator switches back to consuming the native species in need of 

conservation (Fig. 2.8). 

 Our study furthers the understanding of predator-prey dynamics, and how those dynamics 

influence the success of conservation efforts via invasive predator suppression. We would expect 

to observe an intersection point in the relationship between cutthroat trout density, lake trout 

density, and proportion of cutthroat trout in lake trout diets over time. Theoretical predator-prey 

dynamics (Fryxell & Lundberg, 1994; van Baalen et al., 2001) predict the relationships we 

observed among lake trout, cutthroat trout, and amphipods in Yellowstone Lake. When preferred 

prey density is low, the predator switches to alternative food, can maintain their density, and 

predation pressure is simultaneously relaxed on preferred prey, allowing the prey population to 

recover (van Baalen et al., 2001). The theoretical intersection point could provide the key to 

cutthroat trout recovery. Lake trout are not likely to be extirpated from Yellowstone Lake; 

therefore, it is imperative to understand the effects of varying predation pressure (because of 

prey switching) by lake trout on cutthroat trout abundance and how the varying abundance of 

cutthroat trout cascades throughout the Yellowstone Lake ecosystem. Concomitantly, revising 

the conservation benchmarks to better reflect the knowledge of predator-prey dynamics in 

Yellowstone Lake could provide more realistic benchmarks for the National Park Service.   
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FIGURE 2.1. Historic representations of Yellowstone cutthroat trout and >300 mm lake trout 
diets before lake trout invasion, and during two stages of lake trout density, with the current diet 
composition unknown during a moderate-density state of lake trout. Size, color intensity, and 
thickness of solid-lined boxes represents relative densities of organisms, thickness of lines 
represents relative contributions of organisms to predator diet, and size, color intensity, and 
thickness of dashed boxes represents inferred density of organisms based on previous research. 
Diet data for the 1950s is from Benson (1961), data for 1989 is from Jones et al. (1993), data for 
1997 is from Ruzycki et al. (2003), and data for 2012 is from Syslo et al. (2016). Relative 
abundances of lake trout are from Syslo et al. (2020), where lake trout absent is a state with no 
detectable density, low-density state is ~80,000 >300 mm lake trout, high density is ~450,000 
>300 mm lake trout, and moderate-density state is ~300,000 >300 mm lake trout. Relative 
abundances of Yellowstone cutthroat trout are from Koel et al. (2019). Relative abundances of 
cladocerans are from Tronstad et al. (2010), and relative abundances of amphipods are inferred 
from Wilmot et al. (2016).  
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FIGURE 2.2. Map of Yellowstone Lake, Yellowstone National Park, Wyoming, USA showing 
the number and location of stable isotope samples and corresponding diet samples for 
Yellowstone cutthroat trout (a, purple hues) and lake trout (b, green hues) collected in 2018 and 
2019. 
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FIGURE 2.3. Current simplified representation of Yellowstone cutthroat trout and >300 mm lake 
trout diets during the moderate-density state (~300,000 >300 mm lake trout; estimate of lake 
trout density from Syslo et al. 2020). Size and thickness of solid-lined boxes represents relative 
densities of organisms, thickness of lines represent relative contributions of organisms to 
predator diet, size and thickness of dashed boxes represents inferred density of organisms based 
on previous research.   
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FIGURE 2.4. Individual stable isotope values (δ15N, δ13C) and standard Bayesian ellipse areas 
(SEAB) for Yellowstone cutthroat trout (YCT) length classes (circles; purple hues) and lake 
trout (LKT) length-classes (squares; green hues) sampled from Yellowstone Lake, 2018-2019, 
during moderate density state (a) and standard Bayesian ellipse areas (SEAB) for high-density 
state Yellowstone cutthroat trout (YCT) length classes (black) and lake trout (LKT) length-
classes (grey) from Syslo et al (2016) (b). 
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FIGURE 2.5. Schoener’s index of diet overlap values for lake trout moderate-density state (this 
study) (a) and a lake trout high-density state (Syslo et al. 2016) (b). Relative abundances of lake 
trout are from Syslo et al. (2020), where high density is ~450,000 >300 mm lake trout, and 
moderate-density state is ~300,000 >300 mm lake trout. Schoener values >0.6 indicate a high 
degree of overlap (Wallace 1981), represented by boxes with black outlines.  
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FIGURE 2.6. Standard Bayesian ellipse area (SEAB) 40% core distribution of stable isotope 
signatures for Yellowstone cutthroat trout from a lake trout moderate-density state (purple hues) 
and a lake trout high-density state (Syslo et al. 2016; grey hues) among length classes: 100 – 300 
mm (a), 301 – 475 mm (b), 476 – 575 mm (c), and all length classes (d). Relative abundances of 
lake trout are from Syslo et al. (2020), where high density is ~450,000 >300 mm lake trout, and 
moderate-density state is ~300,000 >300 mm lake trout.  
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FIGURE 2.7. Standard Bayesian ellipse area (SEAB) 40% core distribution of stable isotope 
signatures for lake trout from a lake trout moderate-density state (green hues) and a lake trout 
high-density state (Syslo et al. 2016; grey hues) among length classes: 100 – 300 mm (a), 301 – 
475 mm (b), 476 – 575 mm (c), 576 – 1000 mm (d), and all length classes (e).  Relative 
abundances of lake trout are from Syslo et al. (2020), where high density is ~450,000 >300 mm 
lake trout, and moderate-density state is ~300,000 >300 mm lake trout.  



  
 

 

43 

 
FIGURE 2.8. Conceptual model representing dynamics of an apex invasive predator undergoing 
suppression and a native species of conservation responding to the diet plasticity of the invasive 
species. Solid lines represent abundances over time from the start of invasive species expansion 
to the most recent time of suppression. Grey hues represent the diet plasticity of the invasive 
predator. Light grey polygons represent periods in which the invasive predator consumed their 
preferred prey, the native species of conservation, in high diet proportion. The dark grey polygon 
represents a period in which the invasive predator consumed a less-preferred prey in high diet 
proportion.  



   
    

 

TABLE 2.1. Diet composition (proportion by weight) for Yellowstone cutthroat trout and lake trout in Yellowstone Lake (Cla = 
cladocerans; Cop = copepods; Amp = amphipods; Lee = leeches; Chi = chironomids; Ins = insects; Mol = mollusks; Yel = 
Yellowstone cutthroat trout; Fis = unidentified fish). Bootstrapped 95% credible intervals were drawn from a distribution of 1000 
samples. Relative abundances of lake trout are from Syslo et al. (2020), where absent is a state with no detectable density or complete 
absence of lake trout (1989), low-density state is ~80,000 >300 mm lake trout (1997), high-density state is ~450,000 >300 mm lake 
trout (2012), and moderate-density state is ~300,000 >300 mm lake trout (2019). No Yellowstone cutthroat trout diets were analyzed 
during the lake trout low-density state. 
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TABLE 2.2. Sample sizes (N) and mean δ13C and δ15N (95% confidence intervals in parentheses) and median posterior distribution 
value of Bayesian standard ellipse areas (SEAB) by lake trout density state (lake trout state) and length class for lake trout and 
Yellowstone cutthroat trout. Lake trout state densities are from Syslo et al. (2020). 

Species 

Lake trout state 
(abundance of  

>300 mm) Length class (mm TL) N δ13C (‰) δ15N (‰) SEAB 

Yellowstone 
cutthroat 

trout 

Moderatea 

(~300,000) 

100-300 45 -19.62    (-20.66, -18.58) 6.33    (6.15, 6.51) 6.55 

301-475 48 -21.55    (-22.41, -20.69) 6.73    (6.61, 6.85) 4.10 

476-575 44 -21.32    (-21.99, -20.65) 7.16    (7.03, 7.30) 3.42 

Highb 
(~450,000) 

100-300 12 -21.17    (-23.34, -18.99) 6.64    (5.99, 7.29) 13.9 

301-475 17 -21.48    (-23.42, -19.54) 6.73    (6.51, 6.95) 5.99 

476-575 16 -19.80    (-21.49, -18.11) 7.74    (7.29, 8.19) 7.01 

Lake trout 

Moderatea 

(~300,000) 

100-300 48 -24.24    (-25.12, -23.36) 8.61    (8.36, 8.87) 7.12 

301-475 42 -23.15    (-23.56, -22.74) 8.58    (8.31, 8.85) 3.72 

476-575 28 -21.63    (-22.12, -21.14) 8.54    (8.34, 8.74) 2.16 

576-1000 43 -21.55    (-22.22, -20.88) 8.66    (8.44, 8.88) 4.11 

Highb 

(~450,000) 

100-300 25 -25.00    (-25.71, -24.29) 9.32    (9.07, 9.58) 3.75 

301-475 18 -24.34    (-25.10, -23.58) 8.87    (8.58, 9.16) 3.22 

476-575 10 -22.80    (-23.76, -21.84) 8.86    (8.59, 9.13) 1.99 

576-1000 17 -23.70    (-24.90, -22.50) 9.52    (9.30, 9.74) 3.03 
aCurrent study 
bSyslo et al. (2016)   
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TABLE 2.3. Bayesian beta regression results for the top models, including credible intervals (CI), by species and diet item. The high-
density coefficient represents data collected by Syslo et al. (2016). Relative abundances of lake trout are from Syslo et al. (2020), 
high-density state is ~450,000 >300 mm lake trout (2012) and moderate-density state is ~300,000 >300 mm lake trout (2019).  

Species Diet item Coefficients Estimates 10% CI 90% CI 

Yellowstone 
cutthroat 

trout 

Amphipods Intercept 0.55 0.50 0.60 
Phi 0.47 0.40 0.50 

Cladocerans Intercept -1.49 -1.60 -1.4 
Phi 0.63 0.60 0.70 

Lake trout 

Amphipods  

Intercept (moderate-density) -0.85 -1.00 -0.70 
301-475 mm TL 0.35 0.20 0.50 
476-575 mm TL 0.63 0.40 0.80 
576-1000 mm TL 0.60 0.40 0.80 
High-density 0.38 0.20 0.50 
Phi 0.34 0.30 0.40 

Yellowstone cutthroat 
trout 

Intercept (moderate-density) -1.77 -1.90 -1.60 
301-475 mm TL -0.00 -0.10 0.10 
476-575 mm TL 0.17 0.00 0.30 
576-1000 mm TL 0.28 0.10 0.40 
High-density -0.03 -0.20 0.10 
Phi 0.68 0.60 0.70 
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Abstract 

1. Understanding how invasive species will affect the stability and function of ecosystems is 

critical for conserving ecosystems despite anthropogenic stressors. However, research 

surrounding the influence of invasive species is usually limited to predator-prey 

dynamics, overlooking potential community changes. Food-web approaches, such as 

energy flux, can be used to link invasive species with community composition, ecosystem 

function, and stability. 

2. Here, we quantified the effect of an actively suppressed invasive species, lake trout 

Salvelinus namaycush, on the Yellowstone Lake, U.S.A. ecosystem using the food-web 

energetics approach. We compared energy flux, functional state, and stability of four 

food web states: a pre-invasion network, and three invaded networks (initial invasion; 

expansion; suppression).  

3. The invasion caused more than a ±25% change in energy flux for all organisms in 

Yellowstone Lake except copepods and chironomids, and total flux increased 220% post-

invasion during the suppression food web. The dominant functional state (herbivory) did 

not change post-invasion, but a greater reliance on detritivory was observed. No change 

in food-web stability was measured post invasion. 

4. By implementing a food-web energetics approach, we expand our understanding of how 

invaders may affect the stability and functioning of ecosystems. Although the invasion 

caused large changes to energy flux, dominant functional state and stability was 

unmeasurably affected by the invasion, likely due to the introduction of a generalist 

predator, instead of an obligate piscivore.  
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5. Synthesis. We show that changes in energy flux may be detectable in invaded 

ecosystems, while only identifying changes in functional state and stability may 

inadequately address the influence of an invasive species. However, by studying energy 

flux, functional state, and food-web stability in concert, we can better determine how 

invasive species control food webs outside of their prey base.  

Introduction 

To identify whether an ecosystem is stable, ecologists must understand the structure and 

dynamics of ecological networks. However, many challenges exist in explaining or quantifying 

structure and dynamics in ecological networks (Gauzens et al., 2019). Food-web research has a 

robust history of empirical and theoretical network analysis (e.g., Lindeman, 1942; MacArthur, 

1955; Paine, 1966). All aspects of network research have increased relevance in contemporary 

ecology (McCann, 2000), especially as threats to biodiversity, including habitat loss and 

fragmentation, climate change, and invasive species become more common (Cameron et al., 

2016; Sala et al., 2000; Vilà et al., 2011; Vitousek et al., 1996).  

Invasive species can rewire food webs (Goto et al., 2020; Ogorelec, 2021), leading to 

substantial changes in nutrient and energy pathways. Indirect effects of biological invasions can 

include non-consumptive effects (Coverdale et al., 2013; Heins et al., 2016; Kindinger & Albins, 

2017), trophic cascades (Doody et al., 2017; Gallardo et al., 2016; Kimbro et al., 2009; Walsh et 

al., 2016), and even species evolution (Lau, 2012). Due to the influence of invasive species 

beyond predator-prey interactions, studying food webs can further elucidate the drivers and 

consequences of species invasions (Baiser et al., 2010; Cameron et al., 2016; DeVore & Maerz, 

2014; Pearson, 2009; Smith & Schmitz, 2015). 
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Disruptions by invasive species can operate over long time periods and shift food-web dynamics 

(e.g., energy flux, dominant energetic pathways, stability). Using networks (e.g., Berlow et al., 

2004) to describe natural communities, such as the food-web energetics approach (de Ruiter et 

al., 1995; Hunt et al., 1987), can aid in quantifying energy flux post-invasion. The dominant 

energetic pathway or functional state (i.e., herbivory, detritivory, carnivory) of a food web can 

regulate susceptibility to invasion (Sperfeld et al., 2010), and may be altered post-invasion 

(Higgins & Vander Zanden, 2010; Johnson et al., 2005; Knight et al., 2018). The loss or addition 

of a species can influence the stability and functioning of ecosystems (McCann, 2000), where, 

generally, weak trophic interactions stabilize community dynamics by dampening potentially 

destabilizing, strong interactions (Odum 1953). Therefore, conserving species to maintain 

stabilizing trophic interactions in nature is important (O’Gorman & Emmerson, 2009) because 

stability can regulate the resilience of food webs to perturbations such as invasions. Furthermore, 

applying the food-web energetics approach while comparing functional states and stability pre- 

and post-invasion may provide broader insight into how invaders affect community dynamics.  

A novel apex predator, lake trout Salvelinus namaycush, was discovered in Yellowstone 

Lake, Yellowstone National Park, Wyoming, USA in the early 1990s (Kaeding et al., 1996; Koel 

et al., 2020). Following population expansion in the 1990s, lake trout caused a four-level trophic 

cascade in Yellowstone lake (Tronstad et al., 2010), and reduced the abundance and diet 

composition (Glassic et al., 2022; Syslo et al., 2016) of their preferred prey item, Yellowstone 

cutthroat trout Oncorhynchus clarkii bouvieri, a species of conservation concern and a keystone 

species in the Greater Yellowstone Ecosystem (Koel et al., 2019). Lake trout abundance peaked 

in 2012 and has been stable or declining since because of an aggressive suppression program 

(Koel et al., 2020; Syslo et al., 2020). Due to the location of Yellowstone Lake within a national 



   
    

66 

park and the population of ecologically important Yellowstone cutthroat trout, the organisms of 

the food web in Yellowstone Lake were well researched before and after the lake trout invasion; 

studies primarily focused on quantifying biomass and diet composition (Benson, 1961; Jones et 

al., 1993; Knight, 1975; Theriot et al., 1997; Tronstad et al., 2010, 2015; Wilmot et al., 2016). 

The extensive historical and contemporary research surrounding the invasion of lake trout 

provide a unique opportunity to apply a food-web energetics approach to quantify the 

consequences of an invasive species on an ecosystem. 

In this study, we combined recent estimates of biomass and diet composition with 

published estimates of biomass, metabolic demand, ecological efficiencies, and diet composition 

to compare the energetic fluxes, functional state, and stability of four food-web states. For our 

study, energy flux is defined as the rate of energy consumption by a food-web node (J y-1; Barnes 

et al., 2018). Functional state is defined as the dominant energetic pathway in the food web, 

where herbivory is the sum of flux outgoing from plants, detritivory is the sum of flux outgoing 

from detritus, and carnivory is the sum of flux outgoing from animals (Gauzens et al., 2019). 

Stability is defined as the network resilience, or the ability and rate of the food web to return to 

its equilibrium state following perturbation (Gauzens et al., 2019). The food webs compared 

included a pre-invasion network including an apex zooplanktivore, Yellowstone cutthroat trout 

(Jones et al., 1993), and an invaded network including an apex piscivore, invasive lake trout 

(Koel et al., 2019; Syslo et al., 2016, 2020), in three states from (1) initial invasion, to (2) 

expansion, and finally to (3) suppression. Using this framework, we answered the following 

questions: (1) did the invasion of lake trout change the overall energetic flux to native organisms 

in Yellowstone Lake, (2) to what degree did the invasion of lake trout change the functional state 

of the food web, and (3) did the invasion of lake trout change the stability of the food web?  
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Methods 

Study site  

Yellowstone Lake is located in Yellowstone National Park in northwestern Wyoming, 

U.S.A. (Figure B1), and is the largest high elevation (above 2000 m; 2357 m) lake in North 

America. The lake has a surface area of 34020 ha (Kaplinski, 1991) and a maximum depth of 

133 m (Morgan et al., 2003). Surface water temperatures during the ice-free season vary between 

9°C and 18°C (Koel et al., 2019). Yellowstone Lake is mesotrophic (Kilham et al., 1996) and 

ice-covered from December through May (Gresswell & Varley, 1988).  

Yellowstone Lake has a low diversity of organisms given the lake is a high-elevation, 

cold-water system. The plankton assemblage in Yellowstone Lake is depauperate, but the species 

that are present are highly abundant. Phytoplankton are dominated by diatoms (Stephanodiscus 

spp., Cyclotella bodanica, Aulacoseira subarctica, and Asterionella formosa; Interlandi et al., 

1999). The zooplankton in Yellowstone Lake consist of two species of cladocerans (Daphnia 

schødleri and Daphnia pulicaria) and three species of copepods (Diacyclops bicuspidatus 

thomasi, Leptodiaptomus ashlandi, and Hesperodiaptomus shoshone; Tronstad et al., 2010). The 

benthic invertebrate assemblage is more diverse than the plankton assemblage in Yellowstone 

Lake. The taxa comprising the benthic invertebrates includes Ephemeroptera, Trichoptera, 

Diptera (Chironomidae), Crustacea (Gammarus lacustrus and Hyallela azteca), Annelida 

(Helobdella stagnalis, Erpobdella obscura, Hirudinea), and Mollusca (Sphaeriidae, Planorbidae) 

(Wilmot et al., 2016). In addition to the native longnose dace Rhinichthys cataractae and 

Yellowstone cutthroat trout, three non-native fishes, redside shiner Richardsonius balteatus, lake 

chub Couesius plumbeus, and longnose sucker Catostomus catostomus, and one invasive fish, 

lake trout, comprise the fish assemblage in Yellowstone Lake (Varley & Schullery, 1998).  
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Food web years and structure 

 Four specific food webs were used for comparisons of energy flux, functional state, and 

stability: 1980, 1998, 2011, and 2018. The year 1980 represents the ecosystem in an unaltered 

state (pre-invasion) where Yellowstone cutthroat trout were the apex predator. The three 

subsequent years represent times when biomass of Yellowstone cutthroat trout, lake trout, 

zooplankton, and phytoplankton varied due to invasion of lake trout or lake trout suppression. 

The year 1998 represents the initial invasion of lake trout in Yellowstone Lake, the initial decline 

in Yellowstone cutthroat trout, and the resulting trophic cascade (Tronstad et al., 2010). The year 

2011 represents the period when lake trout biomass peaked (expansion), lake trout and 

Yellowstone cutthroat trout shifted their diet (Syslo et al., 2016), and Yellowstone cutthroat trout 

biomass continued to decline. The year 2018 represents the period when lake trout biomass was 

declining (suppression), lake trout shifted their diet (Glassic et al., 2022), and Yellowstone 

cutthroat trout biomass began to increase (Koel et al., 2020). Lake trout biomass was estimated 

for the population at the beginning of the ice-free season (i.e., before suppression gillnetting 

began each season). Species or group biomasses for each year were derived from the literature, if 

available (Figure 3.1; Table B1). Longnose sucker biomass estimates were not available from the 

literature but catch per unit effort (CPUE) was available (Koel et al., 2019).  

Assumptions 

We assumed that the relationship between longnose sucker CPUE and biomass was 

comparable to that of the relationship between Yellowstone cutthroat trout CPUE and biomass. 

Therefore, to estimate longnose sucker biomass, we created a linear relationship between 

Yellowstone cutthroat trout CPUE and biomass from Walsworth et al. (2020). We derived 

longnose sucker biomass from CPUE using the same linear model developed from the 
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Yellowstone cutthroat trout CPUE-biomass relationship (Figure 3.1; Table B1), assuming that 

size-structure, gear selectivity, and length-weight relationships of the two species are 

comparable. Leucisid biomass was estimated using relationships from Downing & Plante (1993). 

We assumed stable state for each food-web year despite the fishing pressure from lake trout 

suppression gillnetting program. The food-web energetics approach assumes ecosystem 

equilibrium (i.e., energy fluxes among nodes are calculated to balance the energetic demands of 

biomass stocks with energy outflow; Barnes et al., 2018). 

Energy flux 

We compared energy flux through the four food webs in Yellowstone Lake to quantify 

the influence of lake trout on the Yellowstone Lake food web beyond their prey base. The energy 

flux approach, also known as the food-web energetics approach, uses measured biomass stocks, 

energetic expenditure, and assimilation efficiencies to calculate energy flux (J y-1) between 

network nodes (Barnes et al., 2018; de Ruiter et al., 1995; Hunt et al., 1987; O’Neill, 1969). 

Network nodes, or direct feeding links, were established when species A consumes species B 

during one ice-free season in Yellowstone Lake. Individual-metabolic demands derived from the 

literature are incorporated into network nodes to better account for taxonomy, body size 

structure, and trophic topology (size and shape of tropic networks) (Barnes et al., 2018). In the 

food-web energetics approach, energy flux F (J y-1) to each consumer node was calculated as: 

 F = !" • (X + L),                                                     (1) 

where e was the diet-specific assimilation efficiency (dimensionless; proportion), X was the 

estimated metabolic demands of individuals in a consumer node (J y-1), and L is the loss of 

energy to higher trophic levels via consumption (e.g., predation or herbivory; J y-1) (Barnes et al., 

2018). Data used to calculate energy flux food webs were: (1) average body masses for each 
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network node (Table B2), (2) calculated individual metabolic rates using mass-metabolism 

regressions (Table B3), (3) network topology including feeding preferences (Tables B4-7), (4) 

calculated node metabolism (X) using biomasses (Table B8) for each node, and (5) assimilation 

efficiencies (e) for each consumer (Table B9). 

Data listed above were compiled through a combination of values published in the 

literature (Table B1). We used the R package fluxweb (Gauzens et al., 2019; version 0.2.0) to 

estimate all food-web energetics calculations. We compared the energy fluxes for the four food 

web states to quantify the influence of a nonnative apex predator (lake trout) on food-web 

structure. All analyses were conducted using R version 4.0.2 (R Core Team, 2020). We 

hypothesized that the invasion of lake trout will cause, at a minimum, a decline in overall energy 

flux to other fishes in Yellowstone Lake. When comparing the pre-invasion Yellowstone Lake 

network of 1980 with the invaded networks of 1998, 2011, and 2018, we anticipated that a shift 

in energy flux towards lake trout would sequester energy from the other organisms in 

Yellowstone Lake.  

Food web functional state 

 After an energetic food web was established, we estimated food-web functional state 

(e.g., herbivory, detritivory, or carnivory). We compared functional state among the four food 

webs in Yellowstone Lake because we were interested in whether the dominant energetic 

pathway of the food web would change after the invasion of lake trout. Here, the functional 

states are defined according to Gauzens et al. (2019), with herbivory as the sum of fluxes 

outgoing from photosynthetic organisms, detritivory as the sum of fluxes outgoing from detritus, 

and carnivory as the sum of fluxes outgoing from heterotrophs. The functional state with the 
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greatest sum of fluxes will be the assigned functional state of the food web. We hypothesized 

that the lake trout invasion caused a shift towards a carnivory-dominant functional state. 

Food web stability 

We calculated stability metrics for each food web because we wanted to determine 

whether the invasion of lake trout would cause the food web to be less likely to return to 

equilibrium following disturbance. Stability of the food webs was calculated within the fluxweb 

package (Gauzens et al. 2019; version 0.2.0). Network stability is based on the Jacobian matrix 

adapted from Neutel et al. (2007). A food web will be considered stable if dominant eigenvalues 

are negative, with more negative values representing more stability. We used a Monte Carlo 

sampling approach to estimate uncertainty in stability values for 1980 (pre-invasion), 1998 

(initial invasion), 2011 (expansion), and 2018 (suppression) food webs. We randomly sampled 

10,000 values from a normal distribution with mean and standard deviation estimated from the 

empirical sample distribution of each node. For each iteration, we estimated food-web stability 

using the 'stability.value' function in the fluxweb package (Barnes et al., 2018) to construct a 

distribution of stability values for each food web. We hypothesized that the invasion of lake trout 

would cause the food web to become less stable, or approach zero, especially when lake trout 

abundance peaked during the 2011 expansion food web. 

 

Results 

Energy flux 

 The pre-invasion food web of 1980 was dominated by energy flux to copepods (Table 

3.1). Total flux to cladocerans was the second greatest flux in the system but was still less than 

half of the total flux to copepods (Table 3.1). Flux to amphipods was an order of magnitude 
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smaller than flux to copepods or cladocerans, but was an order of magnitude larger than 

chironomids, benthic invertebrates, Yellowstone cutthroat trout juveniles or adults, and longnose 

sucker juveniles or adults (Table 3.1). Yellowstone cutthroat trout adults had the largest 

estimated biomass in 1980 of all fish nodes (Figure 3.1) and had the largest flux of all fish nodes 

(Table 3.1).  

The invasion of lake trout caused more than a ±25% change in total energy flux for all 

organisms in Yellowstone Lake except copepods, chironomids, and other invertebrates, 

depending on the food web year (Table 3.1), with many of these changes in energy flux 

mirroring changes in biomass estimates (Figure 3.1). Compared to 1980, flux to Yellowstone 

cutthroat trout juveniles was reduced by 63% in 1998, mirroring a decrease in biomass of 63% 

from 1980 to 1998, and flux to Yellowstone cutthroat trout adults was on average 55% less post-

invasion (Table 3.1). We compared changes in lake trout flux to 1998 fluxes because lake trout 

were not present in 1980. Lake trout juvenile flux in 2011 and 2018 was on average 1443% 

greater than 1998, while biomass increased by over 1600% compared to 1998 (Figure 3.1). Lake 

trout adult flux peaked in 2011 and was 510% greater than 1998 (Table 3.1), which mirrored the 

increase in biomass in 2011 (Figure 3.1). Flux to longnose sucker juveniles and adults also 

decreased post-invasion. Compared to 1980, flux to longnose sucker juveniles was on average 

76% less post-invasion, and flux to longnose sucker adults was on average 72% less post-

invasion (Table 3.1). Leucisid fluxes consistently decreased by 48% post-invasion (1998, 2011, 

and 2018) compared to 1980 because biomass and diet were held constant for all post-invasion 

food webs (Table 3.1; Figure 3.1). Cladoceran biomass increased by ~ 500% between 1980 and 

1998 (Figure 3.1), and flux increased to cladocerans by 452% (Table 3.1). Copepod flux only 

decreased by 14% post-invasion (Table 3.1). Amphipod flux compared to 1980 was on average 
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173% greater post-invasion, with 2018 flux having the greatest increase of 449% (Table 3.1). 

Chironomids had only one year where flux was changed by ±25% post-invasion, with a decrease 

in flux of 48% in 2011. Other invertebrate flux was changed by more than 25% in 2018, with an 

increase of 338% (Table 3.1). 

 Similar to overall flux, contributions of different prey taxa to consumer taxa also changed 

post-invasion (Figures 3.2-3.4) compared to pre-invasion (Figure B2). For Yellowstone cutthroat 

trout juveniles and adults, flux from amphipods increased by more than 144% post-invasion 

(Figures 3.2-3.4). Flux from amphipods to Yellowstone cutthroat trout juveniles peaked in 2011 

with a 495% increase compared to 1980 (Figure 3.3) and peaked at 432% from amphipods to 

Yellowstone cutthroat trout adults in 2018 (Figure 3.4). Juvenile lake trout in 2011 had the 

greatest change in flux from copepods compared to the initial invasion year of 1998, with a 

20761% increase (Figure 3.3). Adult lake trout in 2011 had the greatest change in flux from 

copepods and amphipods compared to the initial invasion year of 1998, with a 2642% increase 

for amphipods and a 2645% increase for copepods (Figure 3.3). Adult lake trout in 2018 had a 

163% increase in flux from juvenile Yellowstone cutthroat trout compared to the initial invasion 

year of 1998 (Figure 3.4).  

 Total flux in the food web varied by year, and the taxa with the greatest percentage of 

flux varied by year (Table 3.2). Total flux peaked post-invasion in 2018 compared to 1980 with a 

220% increase (Table 3.2). Despite being the apex predator pre-invasion, flux to Yellowstone 

cutthroat trout adults and juveniles was <1% of the total flux for all years and peaked in 1980 

(Table 3.2). Though invasion of lake trout caused a trophic cascade, changes in diets, and 

individual fluxes to other taxa, percentage of total flux to lake trout juveniles and adults was 

<1% of the total flux for all years (Table 3.2). Flux to cladocerans was highest among all taxa 
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post-invasion and peaked in 1998 and 2011 at 67% of the total flux (Table 3.2). Flux to copepods 

was highest among all taxa pre-invasion with 67% of total flux in 1980. Flux to amphipods was 

≥1% for all food webs and peaked in 2018 with 6% of total flux (Table 3.2). 

Food web functional state 

 Overall food-web functional state did not change among food webs, but percentage of 

functional state contributing to total flux varied. Herbivory was the dominant food-web 

functional state for all years, with the greatest percentage of flux from herbivory in 1998 and 

2011 (Table 3.3). Percentage of detritivory was highest in 2018, contributing to 6% of total flux 

(Table 3.3). Flux from carnivory was greatest in 1980 with 4% of total flux (Table 3.3). 

Food web stability 

 Mean stability values were approximately equal and distributions overlapped for all food 

webs. Therefore, no evidence existed to suggest that stability values differed among the four 

food webs (Figure 3.5).  

Discussion 

Our research quantified important invader-driven changes to community and food-web 

structure. We implemented a food-web energetics approach to understand the effect of invasive 

lake trout on energy flux, expanding our understanding of how invaders may impact the stability 

and functioning of ecosystems. We combined empirical measurements of energy flux, diets, and 

biomass to infer changes in a food web over time, driven by an invasive species. We showed that 

the addition of an invasive piscivore increased flux through the food web by up to 129% 

compared to the non-invaded state. The invasive species also influenced the contributions of 

dominant taxa in sustaining these fluxes. Differences in stability of the post-invasion food webs 
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compared to the pre-invasion food web could not be detected. Therefore, a potential steadying 

mechanism by lake trout suppression efforts, or the omnivorous diet preferences of lake trout, 

may counteract otherwise destabilizing characteristics associated with species invasion. The 

functional states of pre- and post-invasion food webs were dominated by herbivory, though 

detritivory increased in the final post-invasion food web in contrast to the pre-invasion food web, 

which may represent an adaptive state where ecosystem function persisted given the omnivorous 

diet of lake trout and assistance from lake trout suppression. 

Energy flux 

From our analysis, we concluded that post-invasion (1998, 2011, 2018), the Yellowstone 

Lake ecosystem was driven by top-down effects from the invasion of lake trout. The lake trout 

invasion caused widespread change in overall flux in the ecosystem and within individual fluxes 

from producers to consumers. To our knowledge, no other study has quantified the effect of an 

invasive fish on food-web energy flux; however, some research has quantified the effect of fish 

introductions on nutrient flux (Collins et al., 2016; Tronstad et al., 2015). Invasive species are 

known to modify energy flow in ecosystems (Baxter et al., 2004; Charles & Dukes, 2008; 

Gherardi, 2007; Rodda & Savidge, 2007), but comparisons to our study can be best related to 

accounts of shifted production post-invasion. Reduced capacity to support native fish can occur 

post-invasion (Rush et al., 2012), which we observed in decreased post-invasion energy flux to 

Yellowstone cutthroat trout. Overall energy flux in our system increased post-invasion, similar to 

increased net primary production when comparing invaded to non-invaded systems (Caraco et 

al., 2000; Huryn, 1998; Lucero et al., 2015; South et al., 2016).  

One of our objectives was to investigate the effects of an invasive apex predator on the 

flux of energy through the food web; however, we acknowledge that factors other than species 
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invasion (e.g., temperature, nutrient cycling, and trophic cascade) can be important in regulating 

energy flux through food webs, with potential effects on our comparisons. Temperature is known 

to influence ectotherm performance (e.g., growth, metabolism, ingestion rate, reproduction) 

(Pörtner & Farrell, 2008; Pörtner & Peck, 2010). Warming has occurred in the Greater 

Yellowstone Ecosystem region since 2000 (Heeter et al., 2021; Hostetler et al., 2021) and 

Yellowstone Lake surface water temperature has increased by 0.45oC per decade between 1976 

and 2018 (Koel et. al, 2019). Increasing water temperatures could have been approaching an 

optimum metabolic window for lake trout and Yellowstone cutthroat trout over the past decades 

(Al-Chokhachy et al., 2013), contributing to increased energy flux not solely explained by lake 

trout invasion. Additionally, lake trout invasion altered nutrient cycling in Yellowstone Lake and 

the tributaries (Tronstad et al., 2015), which can also influence energy flux in food webs (Cross 

et al., 2007).  

Though energy fluxes can be a useful tool for comparing food webs, energy fluxes should 

be compartmentalized as comparative values rather than precise representations of food-web 

energy flow (Jochum et al., 2021). In that context, the comparisons of flux calculated for 

Yellowstone Lake pre- and post-invasion food webs are valid. Although the overall effect of lake 

trout invasion on total energy flux may be largely explained by the trophic cascade (Koel et al., 

2019; Tronstad et al., 2010) and changes to trout diets through time (Jones et al., 1993; Ruzycki 

et al., 2003; Syslo et al., 2016; Glassic et al., 2022), flux values from species that did not have a 

change in biomass or diet (i.e., longnose sucker and Leucisids) are likely a result of a redundancy 

of functional or trophic states (Nelson et al., 2020). For taxa other than the lake trout and 

Yellowstone cutthroat trout, we did not change diet through time due to lack of available 

temporal data. Although some biomass data were available for specific time periods, other 
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biomass data were estimated or derived from the literature (e.g., longnose sucker, Leucisids, 

benthic invertebrates, some zooplankton and phytoplankton data), which is why some fluxes 

remained constant post-invasion.  

Food web functional state 

This study is one of the first to investigate food-web stability in relation to functional 

states, especially in relation to environmental perturbations such as invasion. The herbivore-

dominated food web in Yellowstone Lake may have made the ecosystem more susceptible to 

invasion and lake trout expansion—herbivory has been identified as the driving factor for 

invasion in other communities (Sperfeld et al., 2010). The increased functional detritivory in the 

2018 suppression food web was due to a 449% increase in flux to amphipods compared to the 

non-invaded food web and suggests that the ecosystem may be approaching a new equilibrium 

(Bezerra et al., 2018) where lake trout are integrated into the food web instead of causing large 

network disturbances. The increase in detritivory in the 2018 invaded food web could also be 

attributed to the increase in biomass of amphipods during that year because amphipods were 

released from predation when Yellowstone cutthroat trout biomass decreased after invasion 

(Wilmot et al., 2016). Furthermore, the shift towards more reliance on detrivory follows a 

growing body of evidence supporting benthification or trophic downgrading in freshwater lakes 

after invasion (Bezerra et al., 2018, 2019; Mills et al., 2013), though the shift observed in 

Yellowstone Lake did not cause a complete shift in food-web functional state. 

The decrease in carnivory flux following the invasion of the piscivorous lake trout 

seemed counterintuitive given lake trout are an apex predator. This is likely due to the diet of 

lake trout adults, and the biomass of consumed taxa during the post-invasion food webs. During 

the 1998 initial invasion, lake trout adults were highly piscivorous, with Yellowstone cutthroat 
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trout juveniles comprising 56% of their diet (Ruzycki et al., 2003). However, the biomass of lake 

trout adults during that period was not large enough to overwhelm the herbivory flux of other 

taxa (i.e., cladocerans and copepods). Though lake trout are characterized as apex piscivores, the 

species in Yellowstone Lake is not an obligate piscivore (Ruzycki et al., 2003; Syslo et al., 

2016). The dynamics we observed between biomass and diet, and more specifically diet 

plasticity in an apex invasive fish (Glassic et al., 2022), highlights the complexity surrounding 

dominant functional states in invaded food webs. Comparisons of food-web functional states in 

relation to ecosystem invasion is rarely examined; further investigations between functional 

states and stability could advance our understanding and management of invaded ecosystems. 

Food web stability 

We could not detect a difference in stability metrics of the food webs in Yellowstone 

Lake over time likely due to the prey-switching life-history strategy by lake trout (Glassic et al., 

2022), lake trout generalist feeding behavior in Yellowstone Lake (Ruzycki et al., 2003; Syslo et 

al., 2016), and generalist feeding strategies by other fishes in Yellowstone Lake (Furey et al., 

2020; Glassic et al., 2021; Syslo et al., 2016). Lake trout exhibit diet plasticity (Glassic et al., 

2022), buffering time spent on search image processing and increasing consumption efficiency 

when multiple prey types are present (Kratina et al., 2007), is consequently maintaining food-

web stability in Yellowstone Lake, despite causing a trophic cascade (Koel et al., 2019; Tronstad 

et al., 2015). The invasion of lake trout introduced a generalist consumer into the food web, and 

all fishes in Yellowstone Lake were omnivores post-invasion, which stabilized food-web 

dynamics because feeding occurred across different trophic levels (Kondoh, 2003; McCann et 

al., 2005; Wolkovich et al., 2014). Furthermore, the adaptive foraging behavior of lake trout 
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increased food-web complexity post-invasion, which may enhance community persistence to 

further environmental fluctuations (Kondoh, 2003). 

Predator-prey dynamics between lake trout and Yellowstone cutthroat trout also 

maintained food-web stability. After invasion, the Yellowstone Lake food web had heightened 

states of fast (high biomass turnover, lake trout) and slow (low biomass turnover, Yellowstone 

cutthroat trout) energy channels, leading to asynchronous resource dynamics, maintaining 

stability (Rooney et al., 2006; Rooney & McCann, 2012). The resulting asynchronous resource 

dynamics produced a stabilizing (Blüthgen et al., 2016; Wilcox et al., 2017) resource base for the 

invasive predator, allowing for a rapid but inhibited expansion (Fowler, 2009; Rooney et al., 

2006; Rooney & McCann, 2012). The relationship between lake trout and Yellowstone cutthroat 

trout also represents an example of asymmetrical intraguild predation; the species experience 

direct competition as well as predator-prey interaction, with lake trout consuming Yellowstone 

cutthroat trout but also competing for amphipods (Ruzycki et al. 2003; Syslo et al. 2016; Glassic 

et al. 2022). Intraguild predation can be linked to destabilization (Huxel et al., 2002; Tanabe & 

Namba, 2005), but for Yellowstone Lake, intraguild predation may be linked to post-invasion 

food-web stability (Kuijper et al., 2003) because lake trout suppression is regulating intraguild 

predation dynamics (Hall, 2011). 

Conclusion 

Our research provides a comprehensive empirical assessment of how invasive species can 

influence energy flux in a large lake food web undergoing intensive invasive species 

suppression. We provide novel quantification of energy flux at different time periods to 

understand how invasive species may influence food-web stability from initial invasion, to 

expansion, and suppression. Though no overall change in ecosystem stability or functional state 
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was detected after invasion in our study, we believe that this framework could be useful in 

demonstrating the effect of invasive species in ecosystems with more complexity or different 

taxa. Efforts to combine biomass estimates with mechanistic models of organism metabolism 

represent an important step towards closing the gap (Barnes et al., 2018) by viewing invasive 

species beyond solely a predator-prey focus. Here, we clearly demonstrate that invasive species 

can cause more than declines in native species abundance. The consideration of energy flux, 

functional state, and food-web stability will ultimately determine how invasive species can 

control the distribution of energy flux in food webs beyond their prey base alone. 

Acknowledgements 

We thank P. Doepke, P. Bigelow, D. MacDonald, and Hickey Brothers research, 
especially J. Milan, J. Larsen, T. Short, J. Krebs, T. Morhardt, M. Kundzins, and all captains and 
crews on National Park Service and Hickey Brothers boats for assisting with historical data 
collection with contributed to this manuscript; S. Driscoll, A. Micklewright, L. Umland, K. 
Furey, K. Winters, and C. Steinbach for assistance in the field and the lab contributing to diet 
information being used in this analysis; and M. Vinks for providing constructive comments that 
improved this manuscript. Funding was provided by Yellowstone Forever, Yellowstone National 
Park, Natural Resource Preservation Program, and the Montana Institute on Ecosystems. All 
fieldwork and lab work was conducted under Yellowstone National Park permit 8048. Figures 
were created using guidelines by Glassic et al. (2019). This study was performed under the 
auspices of Institutional Animal Care and Use Protocol 2018-72 at Montana State University. 
The Montana Cooperative Fishery Research Unit is jointly sponsored by Montana State 
University; Montana Fish, Wildlife, and Parks; and the U.S. Geological Survey. Any use of 
trade, firm, or product names is for descriptive purposes only and does not imply endorsement by 
the U.S. Government. 



   
    

81 

 
FIGURE 3.1. Taxa biomass for the pre-invasion food web (1980 top left, middle left, bottom 
left) compared to each post-invasion food web (1998 top right, 2011 middle right, 2018 bottom 
right) in Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A.



   
    

 

 
FIGURE 3.2. Biomass flow diagram percent change in biomass flow compared to the pre-invasion (1980) food web for 1998 in Yellowstone 
Lake, Yellowstone National Park, Wyoming, U.S.A. Flow values for lake trout represent whole-increment values because the first year of 
invasion was 1998. 
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FIGURE 3.3. Biomass flow diagram percent change in biomass flow compared to the pre-invasion (1980) food web for 2011 in Yellowstone 
Lake, Yellowstone National Park, Wyoming, U.S.A. Percentage values for lake trout are relative to flow values for 1998.
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FIGURE 3.4. Biomass flow diagram percent change in biomass flow compared to the pre-invasion (1980) food web for 2018 in Yellowstone 
Lake, Yellowstone National Park, Wyoming, U.S.A. Percentage values for lake trout are relative to flow values for 1998.
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FIGURE 3.5.  Stability values for pre-invasion (1980) and post-invasion (1998, 2011, 2018) food 
webs in Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A calculated using 
methods from Gauzens et al. (2018). Black symbols represent the mean stability value for each 
year. We used a Monte Carlo sampling approach to estimate uncertainty in stability values for 
historical and contemporary food webs. Here, we randomly sampled 10,000 values from a 
normal distribution with mean and standard deviation estimated from the empirical sample 
distribution of each node. For each iteration, we estimated food-web stability using the 
'stability.value' function in the fluxweb package (Barnes et al. 2018) to construct a distribution of 
stability values for each food web. Variability estimates in the food-web stability values were 
quantified by calculating the 95% percentile intervals (0.025 to 97.5 percentiles) from the 
distribution of stability values for each model year.  



   
    

 

TABLE 3.1. Total energy flux (Jy-1) for 1980 and percent change in flux compared to 1980 for 1998, 2011, and 2018. For lake trout, 
total flux is listed for 1998 and percent change in flux was compared to 1998 because lake trout were not present in the ecosystem in 
1980. For Leucisids, biomass and diet were held constant for all years.  

Taxa Total flux 1980 Change in flux 1998 Change in flux 2011 Change in flux 2018 
Yellowstone cutthroat trout juveniles 1.74E+08 -63% -35% -47% 
Yellowstone cutthroat trout adults 2.29E+08 -45% -67% -53% 
Lake trout juveniles NA 1.35E+06 (total flux) 1465%* 1421%* 
Lake trout adults NA 4.22E+06 (total flux) 510%* 167%* 
Longnose sucker juveniles 1.68E+08 -56% -88% -84% 
Longnose sucker adults 2.12E+08 -38% -93% -84% 
Leucisids 5.29E+06 -48% -48% -48% 
Cladocerans 1.28E+10 452% 450% 453% 
Copepods 3.52E+10 -14% -14% -14% 
Amphipods 1.18E+09 32% 39% 449% 
Chironomids 8.40E+08 -19% -48% -8% 
Other invertebratesa 1.52E+08 17% 18% 338% 
*Value compared to 1998 
aOther invertebrates are defined as in Syslo et al. (2016)
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TABLE 3.2. Total flux (Jy-1) for the most dominant taxa in the Yellowstone Lake food web by year with percentage of total flux in the 
specific year flowing to different taxa. 

Energy flux to taxa 1980 1998 2011 2018 
Total flux (compared to 1980) 5.23E+10 (NA) 1.05E+11 (201%) 1.05E+11 (201%) 1.15E+11 (220%) 
Yellowstone cutthroat trout adults 0.44% 0.12% 0.07% 0.09% 
Yellowstone cutthroat trout juveniles 0.33% 0.06%  0.11% 0.08% 
Lake trout adults NA 0.004% 0.03% 0.01% 
Lake trout juveniles NA 0.001% 0.02% 0.02% 
Cladocerans 24% 67% 67% 61% 
Copepods 67% 29% 29% 26% 
Amphipods 2% 1% 2% 6% 
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TABLE 3.3. Total flux for the functional states of herbivory, detrivory, and carnivory for four 
food web years in Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. Here, the 
functional states are defined according to Gauzens et al. (2019), with herbivory as the sum of 
fluxes outgoing from photosynthetic organisms, detritivory as the sum of fluxes outgoing from 
detritus, and carnivory as the sum of fluxes outgoing from animals. 
Year Total flux herbivory Total flux detritivory Total flux carnivory 
1980 93% 3% 4% 
1998 97% 2%  1% 
2011 97% 2% 1% 
2018 91% 6% 3% 
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Abstract 

In Yellowstone Lake, Yellowstone National Park, Wyoming, the largest population of 

nonhybridized Yellowstone Cutthroat Trout Oncorhynchus clarkii bouvieri declined 

precipitously in the 2000s because of invasive Lake Trout Salvelinus namaycush, increased 

frequency of drought, and whirling disease Myxobolus cerebralis. To maintain ecosystem 

function and conserve the Yellowstone Cutthroat Trout, a gillnetting suppression program was 

initiated to decrease Lake Trout abundance, thereby reducing predation pressure on Yellowstone 

Cutthroat Trout. However, the response of Yellowstone Cutthroat Trout to varying levels of 

Lake Trout suppression, collectively with the influence of climate and disease, was unknown. 

We used an ecosystem model (Ecopath with Ecosim) to forecast (2019 – 2050) whether the 

Yellowstone Cutthroat Trout population would reach established conservation benchmarks given 

varying suppression efforts, climate change, and disease. We show that suppression of the Lake 

Trout population is necessary for Yellowstone Cutthroat Trout recovery, but the amount of 

suppression effort needed for Yellowstone Cutthroat Trout to reach recovery benchmarks is 

directly linked to severity of climate change. This research is the first known use of Ecopath with 

Ecosim to incorporate fishing effort, climate, and disease simultaneously in one model to 

evaluate conservation actions. Our results illustrate how the complex interactions within an 

ecosystem must be concomitantly considered to establish realistic benchmarks for species of 

conservation concern. 
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Introduction 

 Humans have altered every ecosystem on the planet by destroying habitat, polluting the 

environment, overexploiting species, translocating invasive species, and changing the climate 

(Cincotta et al. 2000; McKee et al. 2004; Pimm et al. 2014; Ceballos et al. 2017). The magnitude 

of the human effect on ecosystems has prompted the creation of a new geological epoch called 

the Anthropocene (Crutzen 2016; Malhi 2017). The evolution of the Anthropocene has altered 

conservation baselines, to the extent where even protected ecosystems such as National Parks, 

and the species they support, are not immune to the effects of humans (Palomo et al. 2014; 

Flatley et al. 2015; Wohl 2016). Listed as one of the most at-risk vertebrate groups in the world, 

fishes are particularly sensitive to anthropogenic perturbations (Ricciardi and Rasmussen 1999; 

Vörösmarty et al. 2010; Darwall and Freyhof 2015). Fishes such as salmonids best exemplify the 

negative effects of human disturbance such as climate change and invasive species. Salmonids 

are often affected synergistically by climate change-driven warming water temperatures and 

nonnative species introductions that threaten native salmonids through competition, predation, or 

hybridization (Penaluna et al. 2016; Muhlfeld et al. 2019; Sinnatamby et al. 2020; Bell et al. 

2021). 

 In North America, the negative effects of climate change and invasive species are fully 

manifested in Cutthroat Trout Oncorhynchus clarkii spp. such that all subspecies of Cutthroat 

Trout are classified as having some level of protected status (Budy et al. 2019). For example, 

extirpation or introgression occurs in 71% of the historical distribution of Yellowstone Cutthroat 

Trout Oncorhynchus clarkii bouvieri (Budy et al. 2019), a species with high social (Quist and 

Hubert 2004; James 2018), economic (Gresswell and Liss 1995), and ecological value (Koel et 

al. 2005; Baril et al. 2013). The high social and economic value of Yellowstone Cutthroat Trout 
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results from angling or viewing the species (Quist and Hubert 2004). Furthermore, millions of 

dollars are generated annually by angling for Yellowstone Cutthroat Trout (and other salmonids) 

in Yellowstone National Park (Gresswell and Liss 1995). In addition to having high social and 

economic value, Yellowstone Cutthroat Trout are considered a keystone species because they are 

a food source for many terrestrial species, thus providing an important aquatic-terrestrial linkage 

(Koel et al. 2005; Baril et al. 2013). In Yellowstone National Park, the largest population of 

nonhybridized Yellowstone Cutthroat Trout occurs in Yellowstone Lake, making the population 

of the utmost conservation importance. Unfortunately, the population declined throughout the 

late 1990s and 2000s because of invasive species (i.e., Lake Trout Salvelinus namaycush), 

disease (i.e., whirling disease Myxobolus cerebralis), and climatic influence (Koel et al. 2006, 

2020a). 

Lake Trout, an invasive species in the Intermountain West, were discovered in 

Yellowstone Lake in 1994 (Kaeding et al. 1996) and caused a precipitous decline in Yellowstone 

Cutthroat Trout (Koel et al. 2005) through predation (Ruzycki et al. 2003; Syslo et al. 2016). 

Yellowstone Cutthroat Trout catch per unit effort declined by over 50% after lake trout became 

established (Koel et al. 2020a), and a 90% decline in spawning migration was observed (Koel et 

al. 2005). The invasion by Lake Trout and subsequent decline of Yellowstone Cutthroat Trout 

caused a trophic cascade (Tronstad et al. 2010; Koel et al. 2019) that affected terrestrial and 

aquatic linkages throughout the Greater Yellowstone Ecosystem (Crait and Ben-David 2006; 

Baril et al. 2013; Teisberg et al. 2014; Koel et al. 2019), threatening the integrity of one of the 

largest, mostly intact temperate-zone ecosystems in the world (National Park Service 2020). To 

maintain the ecosystem function and conserve the Yellowstone Cutthroat Trout, a Lake Trout 

gillnetting suppression program was initiated in 1995 by the National Park Service (NPS) 



   
    

107 

(Keading et al. 1996; Syslo et al. 2016) with the objective to decrease Lake Trout abundance, 

thereby reducing predation pressure on Yellowstone Cutthroat Trout. 

 To date, data analyses and management actions have focused on the response of Lake 

Trout to varying levels of suppression gillnetting effort (Syslo et al. 2011, 2020; Koel et al. 

2020a). Single-species statistical catch-at-age models have been used to forecast the response of 

Lake Trout to suppression (Syslo et al. 2011, 2020), and the suppression program has been 

focused on reducing Lake Trout abundance by increasing fishing mortality (Syslo et al. 2011, 

2020). This approach has been useful to estimate the amount of gillnetting effort needed to 

suppress Lake Trout (Syslo et al. 2020). However, the gillnetting program is expensive and cost 

approximately US$2.5 million in 2018 (Koel et al. 2020a). Ways to reduce suppression cost, 

including reducing gillnetting effort and using alternative suppression methods (e.g., embryo 

suppression via carcass-analog pellets [Koel et al. 2020b]) have been suggested. However, the 

response of the focal conservation species, Yellowstone Cutthroat Trout, to various Lake Trout 

suppression strategies is unknown. In addition, the functional response assumed from 

suppression is that a decline in Lake Trout abundance would result in increased Yellowstone 

Cutthroat Trout abundance (Koel et al. 2020a), but Yellowstone Cutthroat Trout abundance is 

regulated by several factors in addition to Lake Trout abundance. 

Abiotic factors or complex predator-prey dynamics within the Yellowstone Lake 

ecosystem also contribute to fluctuations in Yellowstone Cutthroat Trout abundance. Disease is 

known to regulate native fish abundance (Vincent 1996). In particular, whirling disease 

prevalence and severity has been intermittently quantified for Yellowstone Cutthroat Trout in 

Yellowstone Lake (Koel et al. 2006; Elwell et al. 2009; Koel et al. 2019) and may have 

contributed to the decline of the species during the early 2000s (Koel et al. 2006). Climate 
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change can affect fish habitat (Gaeta et al. 2014; Glassic and Gaeta 2019, 2020) and recruitment 

(Glassic and Gaeta 2019, 2020), and likely regulates Yellowstone Cutthroat Trout recruitment in 

Yellowstone Lake (Kaeding 2020). Furthermore, predator-prey dynamics beyond predation 

could influence Yellowstone Cutthroat Trout abundance. Research on trout diets in Yellowstone 

Lake has shown that a reduction in Lake Trout abundance may not directly result in recovery of 

Yellowstone Cutthroat Trout due to Lake Trout diet plasticity; low densities of lake trout can still 

cause declines in Yellowstone cutthroat trout (Glassic et al. 2022). Although recovery 

benchmarks for Yellowstone Cutthroat Trout exist (Koel et al. 2020a), understanding how the 

Yellowstone Cutthroat Trout responds to Lake Trout suppression simultaneously with disease 

prevalence and a changing climate has not be evaluated.  

 Combining knowledge about the species in need of conservation, invasive species, and 

environmental factors is crucial given the cascading effects of invasive species (Zavaleta et al. 

2001; Tronstad et al. 2010; Chagaris et al. 2017; Koel et al. 2019) and the complexities that 

environmental conditions can introduce to conservation or suppression goals (Healy et al. 2020). 

Though single-species management strategies can result in desired management outcomes, 

community interactions and environmental factors can influence the efficacy of management 

(NOAA 2020). Ecosystem-based models incorporate biotic and abiotic factors that may 

influence management outcomes and have proven to be useful in the management of invasive 

species and commercial fisheries, particularly in marine ecosystems (e.g., Chagaris et al. 2017; 

Kaplan et al. 2020; Howell et al. 2021). Despite a push to apply ecosystem-based models to 

freshwater fisheries (Minns 2013; Musinguzi et al. 2016), much of the application to date has 

been limited to the Great Lakes (e.g., Langseth et al. 2012; Kao 2014; Rutherford et al. 2021). 

Given the predator-prey dynamics between Lake Trout and Yellowstone Cutthroat Trout in 
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Yellowstone Lake (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022), effect of whirling 

disease on Yellowstone Cutthroat Trout (Koel et al. 2006), and projected reduced runoff regime  

(Hostetler et al. 2021) that can influence Yellowstone Cutthroat Trout recruitment (Kaeding 

2020), establishing realistic benchmarks for Yellowstone Cutthroat Trout conservation in 

Yellowstone Lake would be best achieved by applying an ecosystem-based model. The 

synergistic threats mentioned provided a unique opportunity to apply this approach to a highly-

valued species and ecosystem. 

We used an ecosystem-based model (Ecopath with Ecosim; Christensen and Walters 

2004) to estimate if the Yellowstone Cutthroat Trout population will reach established 

conservation benchmarks outlined by (Koel et al. 2010; CPUE ≥40 for all ages), given available 

suppression strategies, need for reduction in suppression program cost, effects of disease, climate 

change, and complex predator-prey dynamics. An ecosystem-based approach, unlike single-

species assessments, will incorporate a balanced ecosystem model, species interactions, and 

abiotic factors such that outcomes related to management actions are more realistic. We used 

Ecopath with Ecosim to answer questions related to management actions regarding suppression 

of Lake Trout and the subsequent response by Yellowstone Cutthroat Trout: 1) If Lake Trout 

suppression effort is maintained or reduced from contemporary effort, how often will the 

Yellowstone Cutthroat Trout population reach the conservation benchmarks in the future? 2) If 

Lake Trout gill-net suppression effort was reduced and carcass-analog pellets, used to increase 

Lake Trout embryo mortality, were applied, how often will the Yellowstone Cutthroat Trout 

population reach the conservation benchmarks in the future? 3) If Lake Trout gill-net 

suppression effort was reduced during a forecasted climate change regime, how often will the 

Yellowstone Cutthroat Trout population reach the conservation benchmarks in the future? 
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Answers to these questions will improve the efficacy of the Lake Trout suppression program, 

will estimate whether Yellowstone Cutthroat Trout conservation benchmarks established in 2010 

(Koel et al. 2010) remain realistic, and will help secure the long-term persistence of Yellowstone 

Cutthroat Trout in the Yellowstone Lake Ecosystem. 

Methods 

Study Site  

Yellowstone Lake is a large, oligo-mesotrophic lake (Theriot et al. 1997) located in 

Yellowstone National Park, Wyoming (Figure 4.1). The lake is the largest lake above 2,000 m in 

elevation in North America with a surface area of 34,020 ha, a mean depth of 48 m, and a 

maximum depth of 133 m (Kaplinski 1991). The lake is typically ice-covered from mid-

December until late May or early June. Water temperatures fluctuate between 9°C and 18°C in 

the summer and a thermocline develops during stratification from July through September at 

about 15 m (Koel et al. 2007; Koel et al. 2019). The phytoplankton assemblage in Yellowstone 

Lake is dominated by diatoms (Stephanodiscus spp., Cyclotella bodanica, Aulacoseira 

subarctica, and Asterionella formosa; Interlandi et al. 1999), though the proportions of dominant 

diatoms have changed after Lake Trout invasion. The zooplankton in Yellowstone Lake consist 

of two species of cladocerans (Daphnia schødleri and Daphnia pulicaria) and three species of 

copepods (Diacyclops bicuspidatus thomasi, Leptodiaptomus ashlandi, and Hesperodiaptomus 

shoshone; Tronstad et al. 2010). The main taxon composing the benthic invertebrates includes 

Ephemeroptera, Trichoptera, Diptera (Chironomidae), Crustacea (Gammarus lacustris and 

Hyalella azteca), Annelida (Helobdella stagnalis, Erpobdella obscura, Hirudinea), Mollusca 

(Sphaeriidae, Planorbidae), and Insecta (Wilmot et al. 2016). The fish assemblage of 

Yellowstone Lake consists of both native and nonnative species. Native fishes include 
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Yellowstone Cutthroat Trout (hereafter referred to as Cutthroat Trout) and Longnose Dace 

(Rhinichthys cataractae). Nonnative species include Lake Trout, Longnose Sucker (Catostomus 

catostomus), Redside Shiner (Richardsonius balteatus), and Lake Chub (Couesius plumbeus) 

(Gresswell and Varley 1988). Invasive species management strategies, disease prevalence, and 

climatic changes evolved in Yellowstone Lake, complicating the preservation of this iconic 

ecosystem. 

Early in the suppression program (1998-2011) gillnetting suppression efforts were too 

low, and the predatory Lake Trout population abundance peaked at ~ 683,000 individuals in 

2012 (Syslo et al. 2020). In response to the population growth, a primary benchmark was 

established to reduce Lake Trout population ≤100,000 individuals (Koel et al. 2020a) by 

increasing gillnetting effort. Suppression effort increased threefold from 2011 to 2018 to 97,397 

units of effort (1 unit = 100 m of net set for 1 night; Syslo et al. 2020). Since the increase in 

gillnetting effort, abundance of predatory Lake Trout declined and was estimated at ~283,000 

individuals in 2018 (Syslo et al. 2020). Although the suppression program induced a decline in 

abundance of Lake Trout adults (Syslo et al. 2020), the ongoing high monetary cost of the 

suppression gillnetting prompted research into alternative suppression methods. 

Carcass-analog pellets have proven to increase mortality in Lake Trout embryos at 

spawning locations (Koel et al. 2020b) and have promise as an alternative suppression method in 

Yellowstone Lake. Decomposition of carcass-analog pellets cause dissolved-oxygen 

concentration to temporarily decline to lethal levels for Lake Trout embryos (Koel et al. 2020b), 

and pellet application is unlikely to have long-term effect on non-target organisms (Briggs et al. 

2020; Lujan et al. 2022). Given the carcass-analog pellet efficacy in situ, use of carcass-analog 
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pellets lake-wide, in addition to gillnetting or to eventually replace gillnetting, is of interest for 

suppressing Lake Trout. 

Whirling disease has been documented in Cutthroat Trout in Yellowstone Lake (Koel et 

al. 2006) and is caused by a nonnative parasite. The parasite consumes cartilage in developing 

fish, causing skeletal deformities and sometimes whirling behavior, which can result in increased 

risk of predation or loss of normal feeding ability (Murica et al. 2006, 2011, 2014). Cutthroat 

Trout fry are most susceptible to infection post-hatch by interaction with the intermediate host, 

the oligochaete worm Tubifex tubifex, which prefers organic sediments and low water velocities 

(Kerans and Zale 2002; Alexander et al. 2011). Sentinel cage experiments concluded that 

whirling disease prevalence may have been as high as 20% in the Cutthroat Trout population 

during the early 2000s (Koel et al. 2006, 2019). 

 The climate of the Greater Yellowstone Area has changed compared to 1950 and is 

projected to change more in the next century (Hostetler et al. 2021). Observations of air 

temperature have increased by 1.3oC since 1950 and a 25% loss in snowfall was also recorded 

(Hostetler et al. 2021). Compared to the 30-year period between 1986 and 2005, air temperature 

is projected to increase in the Greater Yellowstone Area by 2.9oC coupled with a 40% loss in 

snowpack and a 35% decrease in summer runoff in the next century (Hostetler et al. 2021). 

Within Yellowstone Lake, surface water temperatures have increased by approximately 1.9oC 

from 1976 to 2018 (Koel et al. 2019). Discharge from Clear Creek, one of the main spawning 

tributaries for Cutthroat Trout, also decreased as air temperatures increased around Yellowstone 

Lake (Kaeding 2020). 

Ecopath  
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 Broadly, Ecopath with Ecosim (EwE) is a modeling software developed to analyze 

ecosystem trophic mass balance (biomass and flow) with a spatial and dynamic component to 

explore the past and future influence of fishing and environmental disturbances (Christensen and 

Walters 2004). EwE is open source (https://ecopath.org/) and details of the software and how 

Ecopath uses data inputs and species interactions can be found on the developer website 

(http://sources.ecopath.org/trac/Ecopath). The application of Ecopath for Yellowstone Lake 

largely focused on mass-balance modeling, which is composed of equations for production (Eq. 

1) and for the energy balance of each group (Christensen and Walters 2004), where a group is 

either a single-species (e.g., Longnose Sucker), single-species with stanzas (age classes; e.g., 

Cutthroat Trout age 1 – 23 months, 2 years old), or aggregated into groups of similar species 

(e.g., Leucisids, aggregating Longnose Dace, Lake Chub, and Redside Shiner). The mass balance 

equation for Ecopath, for each group i is defined as: 

(1)      Pi = Yi + BAi + M2i(Bi) + M0i(Bi) , 

where Pi is production; Yi is the total fishery catch rate; BAi is the biomass accumulation rate; 

M2i is the predation mortality rate; Bi is the biomass; and M0i is “other mortality” rate 

(Christensen and Walters 2004). The “other mortality” is all mortality not previously included 

(e.g., diseases) and is internally computed in the software as: 

(2)      M0i = !!∗($%&&!)(!
  , 

where EEi is the ecotrophic efficiency of i. Finally, predation mortality, M2, in equation 1 links 

predators and prey as: 

(3)      M2i = ∑ )"∗*+"!
(!

,
-.$ , 

where the summation is over all n predator groups, j, feeding on group i; Qj is the total 

consumption rate for group j; and DCji is the fraction of diet of predator j consisting of prey i. Qj 
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is calculated as the product of the biomass of group i (Bi) and the consumption biomass ratio for 

group j (Q/B)j (Christensen and Walters 2004). An important implication for the equation above 

is that information about predator consumption rates and diets of a given prey can be used to 

estimate predation mortality by prey group. Algorithms included in the EwE parameterization 

routine estimate any missing parameters required by equations 1 – 3 that were not available for 

included groups (Christensen and Walters 2004).  

The Ecopath model that we developed particularly emphasized dynamics between Lake 

Trout and Cutthroat Trout in Yellowstone Lake. Lake Trout were represented in the model by 

five age stanzas (≤6 months, 7 months – 1 year, 2 years, 3 – 4 years, ≥5 years) to best capture 

application of suppression strategies (Syslo et al. 2020; Koel et al. 2020a) and ontogenetic diet 

shifts (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022). Cutthroat Trout were 

represented by five age stanzas (≤23 months, 2 years, 3 years, 4 years, ≥5 years) to best capture 

ontogenetic diet shifts (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022), vulnerability 

to Lake Trout predation (≤23 months, 2 years, 3 years; Ruzycki et al. 2003; Syslo et al. 2016; 

Glassic et al. 2022), vulnerability to climate change (≤23 months; Kaeding 2020), and 

susceptibility to disease (≤23 months; Koel et al. 2006, 2019). Other organisms included in the 

model were aggregated or listed as a single species to reflect the categories from diet studies of 

Lake Trout and Cutthroat Trout (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022) and 

were necessary for a complete food web. One fisheries fleet was included in the model to 

represent the Lake Trout suppression gillnetting management effort in Yellowstone Lake (Koel 

et al. 2020a). The initial balancing of the Yellowstone Lake EwE model included the following 

parameters: (1) biomass in habitat area (mg.m-2; Table C1), (2) production/biomass (P/B; year-1; 

Table C1), (3) diet proportions for biomass groups (Table C2), (4) detritus fate (a proportion, 



   
    

115 

defines where dead groups incorporated), (5) discards of fisheries fleet (mg.m-2.yr-1) (Table C3), 

(6) discard mortality rate (Table C3), (7) discard fate (a proportion, defines detritus pool), and (8) 

von Bertalanffy growth parameters for Lake Trout and Cutthroat Trout from Ruzycki (2004) and 

Syslo et al. (2016). The resulting model consisted of 18 biomass pools, 12 fish groups, three 

invertebrate groups, two primary producers, and one detritus group (Table C1).  

The balancing of the Ecopath model was necessary for Ecosim fitting and future 

projections, but creation of a balanced model was not main objective of the study. The Ecopath 

model was successfully balanced to simulate invasion of Lake Trout (Table C4) so that further 

analysis could be conducted on the community of Yellowstone Lake.  

Ecosim fitting 

 After food-web linkages and fisheries were defined and balanced in Ecopath, we used 

Ecosim to fit our model to historic data. Historic data calibration was necessary to confirm that 

the balanced ecosystem reflected observed dynamics as closely as possible so that future 

projections were realistic. Ecosim was also used to forecast the effect of management scenarios 

(see Ecosim scenarios below). To fit the model to historic data, we included inputs for biomass 

(Table C5), water level (Table C6), and whirling disease (Table C7) time-series; and predator 

behavior parameters (Table C8), and vulnerability parameters. Time-series data for water level 

were applied as a forcing function on the search rate (the rate at which a predator searches for 

prey in the foraging arena) of the consumer group Cutthroat Trout 1 – 23 months (Table C6). 

Forcing functions represent physical or other environmental parameters that may influence 

trophic interactions. Time-series data for whirling disease were applied as an environmental 

response on mortality on the Cutthroat Trout 1 – 23 months and Cutthroat Trout two years old 
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(Table C7). After loading the time-series data, we used an automated search (“Fit to time series” 

plugin) to establish vulnerability parameters. 

The most sensitive and perhaps most important parameters governing Ecosim interactions 

are vulnerabilities (Plagányi and Butterworth 2004; Ahrens et al. 2012). Vulnerability parameters 

represent the rates at which prey move from an invulnerable state to a vulnerable state within the 

foraging arena, and one parameter exists for each predator–prey interaction (Ahrens et al. 2012). 

At high vulnerability values (>100), prey become vulnerable to predation at faster rates, which 

implies a linear relationship between predator biomass and predation mortality that can lead to 

unstable Lotka-Volterra dynamics (Chagaris et al. 2015). At low vulnerability values (<2) 

predation mortality rates remain relatively constant when predator abundance changes (Chagaris 

et al. 2015). The vulnerability search was iteratively fit until the sum of squares was minimized 

compared to the previous search (Chagaris et al. 2015). 

Ecosampler 

 We used Ecosampler (Steenbeek et al. 2018) to account for uncertainty in our scenarios 

because the Ecosim framework is not currently robust at calculating 95% credible intervals on 

the best fit scenario. We performed 250 Monte Carlo simulations to create error within scenarios 

using the best fit model. The Monte Carlo simulations randomly selected a biomass value for 

each taxa from a uniform distribution, where the mean was the base value from the first 

modeling year (1980) and the upper and lower limits were based on uncertainty in the source 

data (Table C9). The 250 Monte Carlo simulations were recorded in Ecosampler for comparison. 

We randomly selected 30 simulations from the 250 Ecosampler records and fit those simulations 

to our time-series data using the same procedure outlined in Ecosim fitting. An Ecosampler 
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record was not selected if the fitting procedure resulted in unstable predator-prey dynamics and 

were selected only if sum of squares <90. 

Ecosim scenarios 

We ran scenarios to forecast abundance for Lake Trout and CPUE for Cutthroat Trout 

from 2019 to 2050 to address our research questions. All scenarios were forecasted from 2019 to 

2050. In each scenario, whirling disease was applied as an environmental response on mortality 

for Cutthroat Trout 1 – 23 months and assumed to follow the same pattern as 1980 – 2018 (Table 

C7). In non-climate change scenarios, water levels with “normal” short-term periods of drought 

for 2019 – 2050 were randomly simulated with replacement from the natural variation of water 

levels that occurred from 1980 through 2018 (Table C10) and applied as a forcing function on 

the search rate of the consumer group Cutthroat Trout 1 – 23 months.  

Ecosim records scenario output as biomass relative to 1980. Even though relative 

biomass is used as the unit of comparison in Ecosim, we reported estimates in abundance for 

Lake Trout and CPUE for Cutthroat Trout because these values are most relevant to the National 

Park Service and consistent with historical data and conservation benchmarks. Lake Trout were 

included in the model from 1980 – 1997 at a very low biomass for model calibration. This 

resulted in the 1980 relative biomass of Lake Trout = 1 for each age class. However, abundance 

estimates were not available for Lake Trout in 1980. The first year we used historical data to fit 

Lake Trout abundance estimates was 1998 (Syslo et al. 2020). Therefore, abundance of Lake 

Trout was calculated by first dividing the abundance estimate in 1998 (Lake Trout abundance in 

1998: 2 years old = 41646; 3 and 4 years old = 44532; ≥5 years old = 13537) by the relative 

biomass for each age class in 1998, and second by multiplying the relative biomass value for 

each year by the estimated abundance of Lake Trout in 1980 (Lake Trout abundance in 1980: 2 
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years old = 10140; 3 and 4 years old = 4056; ≥5 years old = 4688). CPUE of Cutthroat trout was 

calculated by multiplying the relative biomass value for each year by the CPUE of Cutthroat 

Trout in 1980 (Cutthroat Trout CPUE in 1980: 2 years old = 9.7; 3 years old = 8.0, 4 years old = 

6.7, ≥5 years old = 4.8). All Ecosim scenario output was compared to primary and secondary 

benchmarks for Cutthroat Trout and primary benchmark for Lake Trout established by Koel et 

al. (2010). Primary benchmarks for Yellowstone Cutthroat Trout were a catch per unit effort (1 

unit effort = 100m of net/night) of 14.5 for 2 years old, 11.7 for 3 years old, 9.9 for 4 years old, 

5.9 for ≥5 years old, and 40 for all Yellowstone Cutthroat Trout. Secondary benchmarks for 

Yellowstone Cutthroat Trout were a catch per unit effort (1 unit effort = 100m of net/night) of 

8.3 for 2 years old, 6.8 for 3 years old, 6.5 for 4 years old, 4.7 for ≥5 years old, and 26 for all 

Yellowstone Cutthroat Trout. The primary benchmark for Lake Trout was a CPUE of <0.01 

(which equaled ≤100,000 individuals and this value is used hereafter) ≥2 years old (Koel et al. 

2010). 

Suppression effort scenarios 

 Our first four scenarios evaluated whether the Cutthroat Trout population would reach the 

recovery benchmarks established by Koel et al. (2010) given varying levels of Lake Trout 

suppression gillnetting effort (1 unit effort = 100 m of net set for 1 night), whirling disease, and a 

forecasted non-climate change regime. The four suppression efforts were a percentage of the 

2018 effort (2018 effort = 97,397 units; 100% = 97,397 units, 75% = 73,048 units, 50% = 48,699 

units, 25% = 24,349 units). The amount of effort in each scenario was held constant from 2019 to 

2050. For each scenario, we calculated the percentage of times primary and secondary 

benchmarks were achieved from 2019 to 2050 for Cutthroat Trout and percentage of times the 

primary benchmark was achieved for Lake Trout. 
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Carcass analog pellet scenarios 

Next, we evaluated whether the Cutthroat Trout population would reach the recovery 

benchmarks established by Koel et al. (2010) given use of carcass-analog pellets, reduced effort 

of Lake Trout suppression gillnetting at 25% and 50% of 2018 levels, whirling disease, and a 

forecasted non-climate change regime. We did not create scenarios including carcass-analog 

pellets with 75% or 100% suppression gillnetting effort because carcass-analog pellets would 

ideally be used to increase suppression efficacy at low gillnetting effort while still reducing cost 

for the suppression program (addition of carcass-analog pellets at high gillnetting effort would 

increase program cost). For these scenarios, we reduced gillnetting effort and added embryo 

mortality to Lake Trout from carcass-analog pellets. Carcass-analog pellet application was 

simulated by applying a fishing mortality forcing function to Lake Trout ≤6 months from 2019 to 

2050, where it was treated as an instantaneous fishing mortality (3.91; estimated from 98% 

mortality from [Koel et al. 2020b]). Application of carcass-analog pellets to all spawning sites is 

unlikely due to the logistics that would be involved to make, transport, and apply the carcass-

analog pellets — some spawning sites are concentrated in locations not accessible by road or are 

not proximate to marinas (Williams et al. 2020). National Park Service biologists believe that 

with current technology, carcass-analog pellets could only be applied to approximately 20% of 

spawning sites, and due to locations and depths the treatments would not likely be 100% 

effective. However, we wanted to explore whether the carcass-analog pellet application to all 

spawning sites would increase achievement of benchmarks. For each scenario, we calculated the 

percentage of times primary and secondary benchmarks were achieved from 2019 to 2050 for 

Cutthroat Trout and percentage of times the primary benchmark was achieved for Lake Trout. 

Climate Change scenarios 
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 Finally, we evaluated whether the Cutthroat Trout population would reach the recovery 

benchmarks established by Koel et al. (2010) at reduced levels of Lake Trout suppression 

gillnetting effort at 50% and 75% of 2018 levels, whirling disease, and a forecasted climate 

change regime (i.e., a long-term (decadal) decrease in lake water level via a decrease in 

precipitation). We did not create scenarios with 25% or 100% gillnetting effort because we 

hypothesized that climate change would greatly affect Cutthroat Trout regardless of suppression 

gillnetting effort; 25% of suppression effort would not be selected as a management action if 

climate change was observed and 100% of effort would be the status quo of management with no 

reduction in suppression program cost. For the climate change scenarios, we wanted to simulate 

a potential decrease in lake level adequate to climate projections for the Greater Yellowstone 

Area. To simulate climate change, we created a distribution of Yellowstone Lake level from 

1986 through 2005 (the same years as the comparison in (Hostetler et al. 2021). We then created 

another distribution for the climate change scenario (n=100), where the mean was 35% less than 

the distribution from 1986 through 2005 and the standard deviation was the same value as 1986 – 

2005. The values for the climate change scenario from 2019 to 2050 were randomly selected 

with replacement from the climate change scenario distribution described above (Table C10). 

Climate change water levels were applied as a forcing function on the search rate for Cutthroat 

Trout 1 – 23 months. For each scenario, we calculated the percentage of times primary and 

secondary benchmarks were achieved from 2019 to 2050 for Cutthroat Trout and percentage of 

times the primary benchmark was achieved for Lake Trout. 

Assumptions 

The Ecopath model assumes the food web is balanced for the first modeling year. We 

selected 1980 as the Ecopath balance year assuming that the ecosystem was in a natural, 
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balanced state before Lake Trout invasion. Climate change, and water level decline in lakes, can 

affect fish habitat (Gaeta et al. 2014; Glassic and Gaeta 2019, 2020) and recruitment (Glassic and 

Gaeta 2019, 2020). Therefore, we included Yellowstone Lake water level as our proxy for 

climate in the Ecosim models. We assumed that water level was only influencing Cutthroat Trout 

1 – 23 months for the fitting process and projection scenarios.  

Whirling disease was also assumed to only influence Cutthroat Trout 1 – 23 months for 

the fitting process and projection scenarios. We had to assume a percentage of the population 

would contract whirling disease affecting survival, though prevalence may not be equivalent to 

the same percent decrease in survival. A challenge of including whirling disease in the model 

was that no prevalence data existed for the Ecopath base year (1980). Therefore, we made 

assumptions regarding some baseline prevalence of whirling disease for years which did not 

have recorded prevalence data. Baseline whirling disease prevalence (1980 – 1990) was assumed 

to be 14.6%, prevalence for 1991 – 1996 was assumed to be 15.4%, 1997 – 2003 was 19.6%, 

2004 – 2009 was assumed to be 15.4%, 2010 – 2014 was 10.0%, and 2015 – 2018 was 16.5%. 

The baseline prevalence was calculated for use in Ecosim by scaling the forcing function 

assuming a maximum relative Z of 1.5. 

To represent the best-case scenario for carcass-analog pellet application, carcass-analog 

pellets were assumed to be effective at all spawning locations in Yellowstone Lake. Thus, a 

mortality rate of 98% was applied to all Lake Trout ≤6 months. 

Results 

Ecosim fitting and Ecosampler 

 The Ecosim model reproduced historical time series in Cutthroat Trout and Lake Trout 

abundance, CPUE, and catch for the period 1980–2018, with a total sum of squares of 44.24. 
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Inclusion of Lake Trout diet plasticity, whirling disease, and water level were necessary to fit 

Cutthroat Trout to the historical CPUE time series. Vulnerabilities were maximized for Lake 

Trout on their prey, especially Cutthroat Trout (vulnerability values are available in the 

supplemental material Table C11). The model was most successfully fit to Lake Trout time 

series and Cutthroat Trout time series; historical trends were not as closely reproduced for non-

trout groups compared to the trout groups. Of the 30 randomly selected Ecosampler runs, 23 

were selected to simulate error around model fit and scenario projections because they produced 

reasonable biomass projections and had a sum of squares <90. All Ecosim fitting figures and 

tables, and Ecosampler error model fits and scenario projections are available in the 

supplemental material (see Figures C1-C7). 

Ecosim scenarios 

Suppression effort scenarios 

 Cutthroat Trout CPUE and Lake Trout abundance were compared to primary benchmarks 

for suppression effort scenarios (100%; 75%; 50%; 25% of 2018 effort) with whirling disease 

under a forecasted non-climate change regime. Cutthroat Trout recovered to the highest CPUE 

with 100% of the Lake Trout suppression effort and were most likely to decline at 25% effort 

(Figures 4.2, 4.3, 4.4). Cutthroat Trout ages 2, 3, 4, and 5+ met or exceeded secondary 

benchmarks ≥50% of the years from 2019 to 2050 in the 100% effort scenarios and all Cutthroat 

Trout ≥age 2 met or exceeded secondary benchmarks 88% of the years from 2019 to 2050 

(Figure 4.2, 4.3; Table 4.1). Cutthroat Trout ages 2, 3, and 4 met or exceeded secondary 

benchmarks ≥59% of the years from 2019 to 2050 in the 75% effort scenarios, age 5+ met or 

exceeded secondary benchmarks 41% of years, and all Cutthroat Trout ≥age 2 met or exceeded 

secondary benchmarks 88% of the years from 2019 to 2050 (Figure 4.2, 4.3; Table 4.1). For the 
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50% effort scenario, Cutthroat Trout ages 2, 3, and 4 met or exceeded secondary benchmarks 

≥50% of the years from 2019 to 2050, age 5+ met or exceeded secondary benchmarks 19% of 

years, and all Cutthroat Trout ≥age 2 met or exceeded secondary benchmarks 78% of the years 

from 2019 to 2050 (Figure 4.2, 4.3; Table 4.1). For the 25% effort scenario, Cutthroat Trout ages 

2, 3, and 4 met or exceeded secondary benchmarks ≥9% of the years from 2019 to 2050, age 5+ 

never met or exceeded secondary benchmarks, and all Cutthroat Trout ≥age 2 met or exceeded 

secondary benchmarks 22% of the years from 2019 to 2050 (Figure 4.2, 4.3; Table 4.1). More 

variation was associated with Cutthroat Trout achieving benchmarks when Lake Trout 

suppression effort decreased from 100% (Figure 4.2). 

Cutthroat Trout ages 2, 3, and 4 met or exceeded primary benchmarks ≥13% of the years 

from 2019 to 2050 under the 100% effort scenario, age 5+ never met primary benchmarks, and 

all Cutthroat Trout ≥age 2 met or exceeded primary benchmarks 9% of the years from 2019 to 

2050 (Figure 4.3; Table 4.1). Cutthroat Trout ages 2, 3, and 4 met or exceeded primary 

benchmarks 9% of the years from 2019 to 2050 in the 75% effort scenario, age 5+ never met or 

exceeded primary benchmarks, and all Cutthroat Trout ≥age 2 met or exceeded primary 

benchmarks 9% of the years from 2019 to 2050 (Figure 4.3; Table 4.1). For the 50% effort 

scenario, Cutthroat Trout ages 2, 3, and 4 met or exceeded primary benchmarks 3% of the years 

from 2019 to 2050, age 5+ never met or exceeded primary benchmarks, and all Cutthroat Trout 

≥age 2 never met or exceeded primary benchmarks from 2019 to 2050 (Figure 4.3; Table 4.1). 

For the 25% effort scenario, primary benchmarks were never achieved for any age classes 

(Figure 4.3; Table 4.1). 

Lake Trout (all ≥age 2) declined most rapidly under 100% effort and would be able to 

expand under 25% of effort (Figure 4.5). At 75% and 50% of effort, Lake Trout abundance 
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declined, and 75% effort had less variability regarding potential rebounding from 2018 levels. 

For the 100% and 75% effort scenarios, Lake Trout age 2+ were reduced to the benchmark 81% 

of the years from 2019 to 2050 with coefficients of variation from 166 to 167 (Table 4.1). The 

25% effort scenario resulted in Lake Trout age 2+ benchmark being met or exceeded 0% of years 

from 2019 to 2050, with a coefficient of variation of 34 (Table 4.1).  

Carcass analog pellet scenarios 

 Cutthroat Trout CPUE and Lake Trout abundance were compared to primary benchmarks 

for suppression effort scenarios (50%; 25%) with carcass-analog pellets and whirling disease 

under a forecasted non-climate change regime. Carcass-analog pellets improved the likelihood of 

the recovery of Cutthroat Trout when added to 50% and 25% effort scenarios compared to 50% 

and 25% effort scenarios without carcass-analog pellets (Figures 4.3, 4.4; Table 4.1). The 50% 

effort scenario with carcass-analog pellets resulted in the secondary benchmark being met or 

achieved ≥56% of years from 2019 to 2050 for age 2, 3, and 4 Cutthroat Trout, 22% of years for 

age 5+, and 81% of years for all Cutthroat Trout ≥age 2. The 25% effort scenario with carcass-

analog pellets resulted in the secondary benchmark being met or achieved ≥41% of years from 

2019 to 2050 for age 2, 3, and 4 Cutthroat Trout, 16% of years for age 5+, and 69% of years for 

all Cutthroat Trout ≥age 2. The 50% effort scenario with carcass-analog pellets resulted in the 

primary benchmark being met or achieved ≥3% of years from 2019 to 2050 for age 2, 3, and 4 

Cutthroat Trout, 0% of years for age 5+, and 3% of years for all Cutthroat Trout ≥age 2. The 

25% effort scenario with carcass-analog pellets resulted in the primary benchmark being met or 

achieved 3% of years from 2019 to 2050 for age 2, 3, and 4 Cutthroat Trout, 0% of years for age 

5+, and 0% of years for all Cutthroat Trout ≥age 2. 
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 Carcass analog pellets did not make a difference in Lake Trout (all ≥age 2) achieving 

benchmarks when added to 50% effort but did make a difference in 25% effort scenario 

compared to the 25% effort scenario without carcass-analog pellets (Figure 4.5; Table 4.1). The 

scenarios with carcass-analog pellets resulted in the Lake Trout age 2+ benchmark being met or 

exceeded 78% of years for 50% effort with carcass-analog pellets and 75% of years for 25% 

effort with carcass-analog pellets from 2019 to 2050 with coefficients of variation varying from 

108 to 142 (Table 4.1).  

Climate change scenarios 

 Cutthroat Trout CPUE and Lake Trout abundance were compared to primary benchmarks 

for suppression effort scenarios (75%; 50%) with whirling disease under a forecasted climate 

change regime. Climate change reduced the recovery success of Cutthroat Trout. At 75% and 

50% effort during climate change, CPUE of Cutthroat Trout almost never reached recovery 

benchmarks (Figure 4.3, 4.4). Climate change scenarios resulted in a reduction in Cutthroat 

Trout CPUE by 50% or more compared to non-climate change scenarios for most years (Figure 

4.3, 4.4). The 75% effort scenario with climate change resulted in the secondary benchmark 

being met or exceeded ≥6% of years for age 2, 3, and 4, 0% of years for age 5+, and 0% of years 

for all Cutthroat Trout ≥age 2 from 2019 to 2050 (Table 4.1). The 50% effort scenario with 

climate change resulted in the Cutthroat Trout secondary benchmark being met or exceeded ≥3% 

of years for age 2, 3, and 4, 0% of years for age 5+, and 0% of years for all Cutthroat Trout ≥age 

2 from 2019 to 2050 (Table 4.1).  

Lake Trout (all ≥age 2) were able to increase in abundance more during climate change 

than a normal water regime with equivalent suppression effort. Lake Trout age 2+ abundance 

during climate change increased exponentially for the 50% effort scenario (Figure 4.5). 
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However, Lake Trout age 2+ abundance with climate change for the 75% effort scenario still 

resulted in a reduction in abundance especially for 5+ age class (Figure 4.5). The 75% effort 

scenario with climate change resulted in the Lake Trout age 2+ benchmark being met or 

exceeded 28% of years from 2019 to 2050 with a coefficient of variation of 68 (Table 4.1). The 

50% effort scenario with climate change resulted in the Lake Trout age 2+ benchmark being met 

or exceeded 0% of years from 2019 to 2050 with a coefficient of variation of 65 (Table 4.1).  

Discussion 

Using an ecosystem-model approach, we found that Cutthroat Trout abundance depended 

on several factors in addition to Lake Trout suppression. We could not fit the Ecopath model to 

Cutthroat Trout historical data without incorporating the effect of whirling disease and lake 

levels (sporadic historical drought). Thus, the model used here incorporates dynamics beyond 

Lake Trout predation. However, Lake Trout predation greatly influenced Cutthroat Trout 

abundance; suppression of Lake Trout using >73,000 units of effort was necessary for Cutthroat 

Trout to have the greatest probability of reaching conservation benchmarks without the 

incorporation of climate change. Though Lake Trout suppression is integral to Cutthroat Trout 

recovery, we demonstrated that gillnetting effort, and therefore the cost of the suppression 

program, could be reduced compared to 2018 effort and still elicit a response in the Cutthroat 

Trout population by meeting recovery benchmarks in the absence of climate change. In addition, 

carcass-analog pellets could provide additional recovery benefit to Cutthroat Trout at lower 

gillnetting effort levels. We also show that extreme climate change in the Greater Yellowstone 

Ecosystem may inhibit the Yellowstone Cutthroat Trout population from reaching desired 

recovery benchmarks established by Koel et al. (2010) if Lake Trout suppression effort is 

reduced relative to 2018 levels.  
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The process of fitting the Ecopath model emphasized the importance of including disease 

and environmental data in management decisions. Although Lake Trout predation has a large 

effect on Cutthroat Trout abundance, our analysis indicated that whirling disease, lake level, and 

predation synergistically affect Cutthroat Trout. Whirling disease is known to affect Cutthroat 

Trout in Yellowstone Lake (Koel et al. 2006) and has been documented to cause declines in 

juvenile abundance varying from 30 to 69% (Nehring and Walker 1996; McMahon et al. 2010). 

Climate change and drought-driven fluctuations in lake level are known to influence fish 

recruitment (Glassic and Gaeta 2019, 2020) including Cutthroat Trout (Glassic and Gaeta 2020; 

Kaeding 2020). Declines in trout abundance were linked to drought in other ecosystems, and 

abundance often rebounded when a normal water regime resumed (Kaylor et al. 2019). However, 

a return to a normal water regime may not result in a potential rebound in Cutthroat Trout 

abundance in Yellowstone Lake if Lake Trout are not suppressed. Invasive species predation is 

known to cause declines in native species abundance (Elton 1958; Kats and Ferrer 2003; Preisser 

et al. 2005; Salo et al. 2007), and Lake Trout in Yellowstone Lake were estimated to consume on 

average 41 Cutthroat Trout per year during the initial invasion period (1990 – 1996; Ruzycki et 

al. 2003). To our knowledge, this is the first EwE model to incorporate disease, historical 

(natural) variation in lake levels, projected future impacts of climate change, and invasive 

species predation simultaneously.  

The Ecosim vulnerability parameters that control the predation rate limits provided 

important insights into the influence of Lake Trout and Cutthroat Trout on other components of 

the food web. Vulnerabilities of piscivorous Lake Trout on their prey, specifically Cutthroat 

Trout, were maximized for our model. Furthermore, vulnerabilities of Cutthroat Trout were also 

maximized on amphipods and zooplankton. The relationships explained by the vulnerability 
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parameters support top-down control of the ecosystem; Lake Trout consume and control 

dynamics of Cutthroat Trout and Cutthroat Trout consume and control dynamics of amphipods 

and zooplankton, which is supported by the observed trophic cascade after Lake Trout invasion 

(Tronstad et al. 2010; Koel et al. 2019). The vulnerabilities of Lake trout and Cutthroat Trout 

could not be changed without loss of model fit, emphasizing the importance of the Lake Trout-

driven top-down relationship in the ecosystem post-invasion. 

 Our modeling results reveal critical information for promoting Cutthroat Trout 

conservation and managing the subspecies in the face of invasive species, climate change, and 

disease. The forecasted outcomes for Cutthroat Trout and Lake Trout were dependent on the 

management scenario. Lower effort would prioritize the reduction in Lake Trout suppression 

program cost while still meeting Cutthroat Trout recovery benchmarks and maintaining 

ecosystem integrity. However, any reduction in Lake Trout suppression effort would need to be 

conservative given the synergistic effects of Lake Trout predation and climate change on 

Cutthroat Trout. Carcass analog pellets were, and may still be, a promising alternative to gill nets 

for use in Lake Trout suppression. However, we argue that logistics of production, transport, and 

application of carcass-analog pellets is only useful if a measurable change can be detected in the 

recovery of the Cutthroat Trout population, which only occurs at the low gillnetting efforts of 

<50,000 units. Furthermore, carcass-analog pellets are unlikely to be effective in causing 

mortality of Lake Trout at the population level unless Lake Trout density is too low for effective 

suppression gillnetting and spawning occurs at only a limited number of locations. Given the 

assumptions, logistical constraints, and the known efficacy of suppression gillnetting, the cost 

incurred to apply carcass-analog pellets lake-wide in Yellowstone Lake may be better allocated 

towards suppression gillnetting. 
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We show that in Yellowstone Lake, extreme reduction in runoff predicted by climate 

change models in the Greater Yellowstone Area, and reduction in lake level, may inhibit 

Cutthroat Trout recovery in the presence of Lake Trout. We demonstrate that extreme climate 

change could influence the extent to which suppression gillnetting can be reduced and still allow 

for increases in Cutthroat Trout abundance. Lake Trout were forecasted to expand during climate 

change under the 50% effort scenario, potentially due to release from competition with Cutthroat 

Trout for a shared prey item, amphipods (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 

2022). Cutthroat Trout are known to control abundance of amphipods (Wilmot et al. 2016); thus,  

Cutthroat Trout decline during the 50% effort scenario with extreme climate change may have 

been large enough to allow younger Lake Trout to consume their preferred prey item, causing 

increased recruitment success.  

Comparing forecasted trout abundance or CPUE with their respective benchmarks 

showed that benchmarks established in 2010 may need to be reevaluated. The Cutthroat Trout 

primary and secondary benchmarks listed in Koel et al. (2010) are CPUE for the entire Cutthroat 

Trout population. Establishing a benchmark for the entire population may oversimplify the 

dynamics of Cutthroat Trout; only specific age classes are vulnerable to Lake Trout predation 

(Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022), whirling disease (Murica et al. 2006, 

2011, 2014), or may be affected by lake level during migration. Establishing benchmarks for 

each age class will be more useful in understanding the dynamics of Cutthroat Trout given 

multiple stressors. Additionally, the primary and secondary benchmarks established by Koel et 

al. (2010) could be framed with more flexibility. Current benchmarks represent the mean CPUE 

for Cutthroat Trout from 1980 to 1989 (primary) and 1990 to 1999 (secondary). Given the years 

from which benchmarks were established have variability, we believe that using confidence 
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interval-based benchmarks would also provide the program with similar variability in achieving 

conservation goals. We demonstrated the Cutthroat Trout could achieve the secondary 

benchmark under the highest Lake Trout suppression effort scenario. However, that consistent 

achievement of the Cutthroat Trout primary benchmark may be unrealistic because Lake Trout 

eradication is unlikely, and eliminating the last 1–10% of the invasive population may demand 

equal expenditures of time, energy, and money required to suppress the 90–99% (Myers et al. 

1998).   

The Lake Trout benchmark of less than 100,000 individuals for the entire population 

oversimplifies the influence of Lake Trout on Cutthroat Trout. Lake Trout caused the decline of 

Cutthroat Trout through predation with Lake Trout >300 mm total length consuming Cutthroat 

Trout (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022). The focus of the Lake Trout 

suppression program has been to reduce abundance of the entire population, with particular 

emphasis on spawning adults (Koel et al. 2020a), which also consume the greatest proportions of 

Cutthroat Trout (Ruzycki et al. 2003; Syslo et al. 2016; Glassic et al. 2022). All effort scenarios 

during non-climate change, except 25% effort, resulted in equivalent percentage of achieving the 

benchmark for Lake Trout. Having benchmarks for each Lake Trout age class could provide 

better indication of how management actions and environmental conditions influence Cutthroat 

Trout and Lake Trout populations. Though the 100,000 individual Lake Tout suppression 

benchmark may have been useful during the beginning of the suppression program, using age-

specific Lake Trout CPUE or abundance could be a more useful suppression metric.  

 The invasion of Lake Trout in Yellowstone Lake caused a decline in Yellowstone 

Cutthroat Trout and subsequent trophic cascade in the Yellowstone ecosystem (Tronstad et al. 

2010; Koel et al. 2019). However, the actions by the National Park Service to establish a Lake 
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Trout suppression program and their effort to gill net invasive Lake Trout for almost 30 years 

(Koel et al. 2020a) has undoubtedly prevented the collapse of the Cutthroat Trout population in 

Yellowstone Lake. Furthermore, the Cutthroat Trout population was likely reduced by climate-

driven influences (Kaeding 2020) during initial Lake Trout introduction, potentially increasing 

the negative effect of Lake Trout predation because invasion occurred simultaneously with 

drought and increased prevalence of whirling disease. The recovery of the Yellowstone Lake 

Cutthroat Trout population in the presence of Lake Trout may be more complicated than initially 

thought given future projections of climate change in the ecosystem. Suppression of the Lake 

Trout population is necessary for Cutthroat Trout recovery, but the amount of suppression effort 

needed for Cutthroat Trout to reach recovery benchmarks is directly linked to severity of climate 

change. In the presence of climate change and Lake Trout, contemporary Cutthroat Trout 

recovery benchmarks may be too rigid; thus, we must acknowledge that the Yellowstone Lake 

ecosystem is changing because of anthropogenic factors requiring concomitant conservation 

benchmarks for Cutthroat Trout.  

The EwE model for Yellowstone Lake is robust and novel given incorporation of disease, 

climate change, and invasive species influences. Though some EwE models may incorporate the 

influence of invasive species or tradeoffs between prioritizing different fisheries, few include 

environmental influences (e.g., Wang et al. 2019), and most EwE models are created for marine 

ecosystems (e.g., Chagaris et al. 2017, 2020; Colléter et al. 2015). Only 15% of EwE models 

represent freshwater ecosystems, and no EwE models were documented in freshwaters of the 

United States outside of the Great Lakes (Colléter et al. 2015). Furthermore, less than 10% of all 

EwE models were built to study environmental variability, such as climate change (Colléter et al. 

2015). To our knowledge, no other EwE model has incorporated the effect of disease into fitting 
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historical data or forecasting ecosystem outcomes. Due to the limited availability of freshwater 

EwE models, direct comparisons to our model are limited. However, the Great Lakes have many 

models including the influence of invasive species on native fish (e.g., Langseth et al. 2012; Kao 

et al. 2014; Rutherford et al. 2021) but do not directly measure the effect of invasive suppression 

outcomes on the ecosystem.  

The tradeoffs between meeting recovery benchmarks and cost, and incorporation of 

disease and climate change would have been difficult to identify or achieve without an 

ecosystem model of Yellowstone Lake. Without explicit representation of age classes and 

trophic interactions, management implications for fisheries may be impossible or unrealistic 

(Walters et al. 2008). For example, we show that Lake Trout may not need to be suppressed as 

intensively to achieve age-class based Cutthroat Trout recovery benchmarks in the absence of 

climate change. This conclusion is in agreement with other modelling approaches for 

Yellowstone Lake; using a statistical catch-at-age single-species model for Lake Trout, collapse 

of Lake Trout was estimated to occur at as low as 75,000 units of effort (Syslo et al. 2020). We 

also show that climate change may inadvertently release Lake Trout from competition with 

Cutthroat Trout at suppression effort levels ≤50,000 units; EwE models have proven in the past 

to be robust to identifying undesired consequences of invasive management actions (Coutler et 

al. 2018). Though the conclusion that Cutthroat Trout may never reach primary benchmarks 

during extreme climate change may be discouraging, similar conclusions have been made for 

other lake ecosystems balancing hydrological changes and native fish restoration (Wang et al. 

2019).  

This study has important implications for native trout conservation in the face of invasive 

species, disease, and a changing climate. The influence of anthropogenic disturbances such as 
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invasive species and climate change are best realized in the conservation of fishes such as trout 

(e.g., Penaluna et al. 2016; Muhlfeld et al. 2019; Sinnatamby et al. 2020; Bell et al. 2021). 

Successful conservation or recovery of imperiled trout populations has been achieved when 

community interactions and environmental factors are combined in management strategies (e.g., 

Al‐Chokhachy et al. 2020). Native trout conservation benchmarks are unlikely to be realistic if 

multiple threats are not simultaneously evaluated. By using ecosystem models, the cascading 

effects of invasive species (Zavaleta et al. 2001; Tronstad et al. 2010; Chagaris et al. 2017; Koel 

et al. 2019) and the complexities that environmental conditions can introduce to conservation or 

suppression goals (Healy et al. 2020) can be fully integrated, promoting realistic conservation 

benchmarks. Without creating realistic conservation benchmarks, natural resource agencies will 

spend money pursuing conservation targets that will never be reached. 

Conclusions 

With our approach, we hope to broaden the methodology and ideology used to conserve 

freshwater fishes. Though ecosystem models have been applied to management of the Great 

Lakes (e.g., Langseth et al. 2012; Kao 2014; Rutherford et al. 2021), to our knowledge, no other 

lake ecosystem has been evaluated using an ecosystem model in North America. Understanding 

functional interactions in ecosystems may be challenging (Geist 2011), but single species 

strategies to conservation may not be enough given interactions between communities and 

abiotic factors. Humans affect every ecosystem; even protected ecosystems such as National 

Parks (Palomo et al. 2014; Flatley et al. 2015; Wohl 2016). As declines to freshwater vertebrates 

are exacerbated during the Anthropocene (Dudgeon 2019), conservation may be most effective 

when multiple levels of biological organization and environmental influence are integrated 

(Geist 2011).   
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FIGURE 4.1. Yellowstone Lake within Yellowstone National Park in Northwestern Wyoming, 
USA, indicating locations of long-term gillnetting assessment sites for annual lake-wide 
monitoring of Yellowstone Cutthroat Trout and Lake Trout (gillnetting data used for historical 
model fitting), historical gillnetting assessment sites that were sampled for Yellowstone 
Cutthroat Trout (prior to 2010; gillnetting data used for historical model fitting), tributaries 
visually surveyed for spawning Yellowstone Cutthroat Trout each spring (potentially affected by 
future climate change), and verified lake trout spawning sites (where carcass-analog pellets 
would be applied for Lake Trout embryo suppression; Koel et al. [2020b]).  
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FIGURE 4.2. Yellowstone Cutthroat Trout simulations in Yellowstone Lake from 2019 to 2050 
at varying Lake Trout suppression effort scenarios (percentage of 2018 effort). Best model fit 
represented by solid bold lines. Alternative ecosystem fits, a proxy for error, represented by 
transparent lines. Recovery benchmarks were derived for each age class from Koel et al. (2010); 
primary benchmark for ≥age 2 was 40 CPUE; secondary benchmark for ≥age 2 was 26 CPUE; 
individual age class benchmarks were the mean CPUE from 1980 to 1989 for the primary 
benchmark and the mean CPUE from 1990 to 1999 for the secondary benchmark. Grey shaded 
polygons are 95% confidence intervals around the mean CPUE from 1980 to 1989 for the 
primary benchmark and from 1990 to 1999 for the secondary benchmark.   
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FIGURE 4.3. Yellowstone Cutthroat Trout simulations in Yellowstone Lake from 2019 to 2050 
at varying Lake Trout suppression effort scenarios (percentage of 2018 effort), scenarios with 
climate change, and scenarios with carcass-analog pellets (CAP). Recovery benchmarks were 
derived for each age class from Koel et al. (2010); primary benchmark for ≥age 2 was 40 CPUE; 
secondary benchmark for ≥age 2 was 26 CPUE; individual age class benchmarks were the mean 
CPUE from 1980 to1989 for the primary benchmark and means CPUE from 1990 to 1999 for the 
secondary benchmark. Grey shaded polygons are 95% confidence intervals around the mean 
CPUE from 1980 to 1989 for the primary benchmark and from 1990 to 1999 for the secondary 
benchmark.   
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FIGURE 4.4. Summary of lake trout suppression effort scenarios results for Yellowstone 
Cutthroat Trout in Yellowstone Lake. Teal squares represent yearly biomass estimates for the 
best fit model. Teal line represents mean relationship between effort and biomass for best fit 
model. Shaded area represents 95% confidence intervals. Tan triangles represent mean biomass 
estimates for climate change scenarios. Brown circles represent mean biomass estimates for 
carcass-analog pellet (CAP) scenarios. Recovery benchmarks were derived for each age class 
from Koel et al. (2010); primary benchmark for ≥age 2 was 40 CPUE; secondary benchmark for 
≥age 2 was 26 CPUE; individual age class benchmarks were the mean CPUE from 1980 to 1989 
for the primary benchmark and the mean CPUE from 1990 to 1999 for the secondary benchmark. 
Grey shaded polygons are 95% confidence intervals around the mean CPUE from 1980 to 1989 
for the primary benchmark and from 1990 to 1999 for the secondary benchmark.
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FIGURE 4.5. Lake Trout simulations in Yellowstone Lake from 2019 to 2050 at varying Lake 
Trout suppression effort scenarios (percentage of 2018 effort), scenarios with climate change, 
and scenarios with carcass-analog pellets (CAP). Recovery benchmarks were derived from Koel 
et al. (2010). 



   

    

 

TABLE 4.1. Percentage of times a species by age met or exceeded benchmarks established by Koel et al. (2010) for different Ecosim 

scenarios forecasted from 2019 to 2050 for Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. Effort is the percentage 

of 2018 Lake Trout suppression gillnetting effort (97,397 units; 1 unit effort = 100m of net/night). Primary benchmarks for 

Yellowstone Cutthroat Trout were a catch per unit effort (1 unit effort = 100m of net/night) of 14.5 for 2 years old, 11.7 for 3 years 

old, 9.9 for 4 years old, 5.9 for ≥5 years old, and 40 for all Yellowstone Cutthroat Trout. The primary benchmark for Lake Trout was 

≤100,000 individuals ≥2 years old. Secondary benchmarks for Yellowstone Cutthroat Trout were a catch per unit effort (1 unit effort = 

100m of net/night) of 8.3 for 2 years old, 6.8 for 3 years old, 6.5 for 4 years old, 4.7 for ≥5 years old, and 26 for all Yellowstone 

Cutthroat Trout. Values ≥50% are in bold. A secondary Lake Trout benchmark does not exist.  

Scenario Species and age 

Percentage of times meets or 
exceeds primary benchmark 

2019 – 2050 

Percentage of times meets or 
exceeds secondary benchmark 

2019 – 2050 

Coefficient of variation 
for CPUE or abundance 

2019 – 2050 

100% effort + 
whirling disease + 
no climate change 

Yellowstone Cutthroat Trout 2 years old 16% 91% 23 

Yellowstone Cutthroat Trout 3 years old 13% 81% 24 

Yellowstone Cutthroat Trout 4 years old 13% 59% 25 

Yellowstone Cutthroat Trout ≥5 years old 0% 50% 17 

All Yellowstone Cutthroat Trout (≥2 years old) 9% 88% 16 

All gillnetted Lake Trout (≥2 years old) 81%   166 

75% effort +  
whirling disease + 
no climate change 

Yellowstone Cutthroat Trout 2 years old 9% 91% 21 

Yellowstone Cutthroat Trout 3 years old 9% 81% 23 

Yellowstone Cutthroat Trout 4 years old 9% 59% 24 

Yellowstone Cutthroat Trout ≥5 years old 0% 41% 17 

All Yellowstone Cutthroat Trout (≥2 years old) 9% 88% 15 

All gillnetted Lake Trout (≥2 years old) 81%   167 

50% effort +  
whirling disease +  
no climate change 

Yellowstone Cutthroat Trout 2 years old 3% 84% 20 

Yellowstone Cutthroat Trout 3 years old 3% 72% 20 

Yellowstone Cutthroat Trout 4 years old 3% 50% 22 

Yellowstone Cutthroat Trout ≥5 years old 0% 19% 14 

All Yellowstone Cutthroat Trout (≥2 years old) 0% 78% 13 

All gillnetted Lake Trout (≥2 years old) 78%   102 
     

1
4
0
 



   

    

 

 
Table 4.1. Continued. 

     

25% effort +  
whirling disease + 
 no climate change 

Yellowstone Cutthroat Trout 2 years old 0% 41% 22 

Yellowstone Cutthroat Trout 3 years old 0% 25% 24 

Yellowstone Cutthroat Trout 4 years old 0% 9% 24 

Yellowstone Cutthroat Trout ≥5 years old 0% 0% 11 

All Yellowstone Cutthroat Trout (≥2 years old) 0% 22% 18 

All gillnetted Lake Trout (≥2 years old) 0%   34 

CAP +  
50% effort +  

whirling disease +  
no climate change 

Yellowstone Cutthroat Trout 2 years old 3% 88% 22 

Yellowstone Cutthroat Trout 3 years old 6% 78% 23 

Yellowstone Cutthroat Trout 4 years old 6% 56% 24 

Yellowstone Cutthroat Trout ≥5 years old 0% 22% 16 

All Yellowstone Cutthroat Trout (≥2 years old) 3% 81% 15 

All gillnetted Lake Trout (≥2 years old) 78%   142 

CAP +  
25% effort +  

whirling disease +  
no climate change 

Yellowstone Cutthroat Trout 2 years old 3% 78% 21 

Yellowstone Cutthroat Trout 3 years old 3% 69% 21 

Yellowstone Cutthroat Trout 4 years old 3% 41% 23 

Yellowstone Cutthroat Trout ≥5 years old 0% 16% 14 

All Yellowstone Cutthroat Trout (≥2 years old) 0% 69% 15 

All gillnetted Lake Trout (≥2 years old) 75%  108 

75% effort +  
whirling disease + 

climate change 

Yellowstone Cutthroat Trout 2 years old 0% 16% 33 

Yellowstone Cutthroat Trout 3 years old 0% 19% 32 

Yellowstone Cutthroat Trout 4 years old 0% 6% 35 

Yellowstone Cutthroat Trout ≥5 years old 0% 0% 13 

All Yellowstone Cutthroat Trout (≥2 years old) 0% 0% 21 

All gillnetted Lake Trout (≥2 years old) 28%   68 
     
     

1
4
1

 



   

    

 

Table 4.1. Continued.     

50% effort +  
whirling disease + 

climate change 

Yellowstone Cutthroat Trout 2 years old 0% 9% 34 

Yellowstone Cutthroat Trout 3 years old 0% 9% 36 

Yellowstone Cutthroat Trout 4 years old 0% 3% 41 

Yellowstone Cutthroat Trout ≥5 years old 0% 0% 24 

All Yellowstone Cutthroat Trout (≥2 years old) 0% 0% 29 

All gillnetted Lake Trout (≥2 years old) 0%  65 

1
4
2
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CHAPTER FIVE 

5. CONCLUSIONS TO DISSERTATION 

The Yellowstone Lake ecosystem experienced a drastic change following the 

introduction of lake trout (Tronstad et al. 2010; Koel et al. 2019), which provided a unique 

opportunity to study the ecology of an invaded ecosystem in the largest high-elevation lake in 

North America. Due to the combination of long-term data collection and a rich research program, 

the extent to which the invasion had changed the behavior or abundance of specific populations 

was well-documented (e.g., Ruzycki et al. 2003; Tronstad et al. 2015; Wilmot et al. 2016; Syslo 

et al. 2016, 2020), but few studies tried to link the invasion to the entire ecosystem (e.g., 

Tronstad et al. 2010; Koel et al. 2019). The historical research, implementation of novel lake 

trout suppression strategies (e.g., Koel et al. 2020), and recent decline of lake trout in response to 

suppression (Syslo et al. 2020) provided a unique opportunity to evaluate ecological processes 

considered to effect ecosystems during invasion that are often difficult to observe or quantify.  

Examining the plasticity in diet composition, diet overlap, and trophic position of 

invasive and native fishes in altered ecosystems is critical for determining the effects of 

introduced species and establishing recovery benchmarks of native species. Diet studies are 

commonly conducted for non-native fishes to evaluate trophic overlap or the effects of piscivory 

on native fishes (Ruzycki et al. 2001; Clarke et al. 2005; Schoen et al. 2012); however, studies 

documenting long-term changes in feeding habits are rare. Chapter 2 assessed trophic overlap 

and temporal diet shifts for Yellowstone cutthroat trout and lake trout following the intensive 

suppression of lake trout and possible recovery cutthroat trout. I determined if diet plasticity 

existed in lake trout and how plasticity could influence Yellowstone cutthroat trout recovery 
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benchmarks and lake trout suppression goals. I compared diet metrics and stable isotope 

signatures of invasive lake trout and native Yellowstone cutthroat trout as a function of no, low-, 

moderate-, and high-lake trout density states. Lake trout exhibited plasticity in relation to their 

density; consumption of Yellowstone cutthroat trout in the diet decreased 5-fold from low- to 

high-density state. During the high-density state, lake trout switched to amphipods, which were 

also consumed by Yellowstone cutthroat trout, resulting in high diet overlap between the species. 

As suppression reduced lake trout densities, more Yellowstone cutthroat trout were consumed, 

and diet overlap was released between the species. A shift in lake trout δ13C signatures from the 

high- to the moderate-density state also corroborated increased consumption of cutthroat trout 

and lake trout diet plasticity.  

Observed declines in lake trout are not commensurate with expected cutthroat trout 

recovery due to lake trout diet plasticity. Even though lake trout density may decrease due to 

suppression, cutthroat trout may take longer to reach conservation benchmarks because lake trout 

consumption of cutthroat trout may be more rapid than cutthroat recovery. The abundance of the 

Yellowstone cutthroat trout may take longer to recover due to the diet plasticity of lake trout. 

The changes observed in diet, diet overlap, and isotopes associated with lake trout suppression 

provided more insight into conservation and suppression dynamics than using predator and prey 

biomass alone. Understanding the effect of prey switching by an apex predator is critical for 

establishing realistic suppression targets and conservation benchmarks in invaded ecosystems. 

The diet information established in Chapter 2 and the historical research in Yellowstone Lake 

was combined to answer questions in Chapter 3 and 4; without the research previously 

conducted, the whole-ecosystem analyses for those chapters could not be accomplished. 
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The work of past and contemporary researchers provided the opportunity to investigate 

more than predator-prey dynamics in Yellowstone Lake. Understanding how invasive species 

will affect the stability and function of ecosystems is critical for conserving ecosystems despite 

anthropogenic stressors. However, research surrounding the influence of invasive species is 

usually limited to predator-prey dynamics, overlooking potential community changes. Food-web 

approaches, such as energy flux, can be used to link invasive species with community 

composition, ecosystem function, and stability. Functional states (i.e., herbivory, detritivory, 

carnivory; Gauzens et al. 2019) can also reflect the influence of an invader on food webs. 

Chapter 3 investigated the influence of lake trout on the Yellowstone Lake food web through 

“food-web energetics approach” (de Ruiter et al., 1995; Hunt et al., 1987). I compared energy 

flux, functional state, and stability of four food web states: a pre-invasion network, and three 

invaded networks (initial invasion; expansion; suppression). The invasion caused >±25% change 

in energy flux for all organisms in Yellowstone Lake except copepods and chironomids, and 

total flux increased 220% post-invasion during the suppression food web. The dominant 

functional state (herbivory) did not change post-invasion, but a greater reliance on detritivory 

was observed. No change in food-web stability was detected post-invasion. By implementing a 

food-web energetics approach, the understanding of how invaders may affect the stability and 

functioning of ecosystems was broadened. Though the invasion caused large changes to energy 

flux, dominant functional state and stability was unmeasurably affected by the invasion, likely 

due to the introduction of a generalist predator, instead of an obligate piscivore. I showed that by 

studying energy flux, functional state, and food-web stability in concert, scientists can better 

determine how invasive species control food webs outside of their prey base. 
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Despite the extensive research conducted in Yellowstone Lake, specifically the effort 

allocated towards the lake trout suppression program, the response of the ecosystem to lake trout 

suppression had not been evaluated. In Chapter 4, I used an ecosystem-based model (Ecopath 

with Ecosim; Christensen and Walters 2004) to determine if the Yellowstone cutthroat trout 

population will reach established conservation benchmarks outlined by Koel et al. (2010), given 

available suppression strategies, need for reduction in suppression program cost, effects of 

disease, climate change, and complex predator-prey dynamics. We show that suppression of the 

Lake Trout population is necessary for Yellowstone Cutthroat Trout recovery, but the amount of 

suppression effort needed for Yellowstone Cutthroat Trout to reach recovery benchmarks is 

directly linked to severity of climate change. This research is the first known use of Ecopath with 

Ecosim to incorporate fishing effort, climate, and disease simultaneously in one model to 

evaluate conservation actions. Our results illustrate how the complex interactions within an 

ecosystem must be concomitantly considered to establish realistic benchmarks for species of 

conservation concern. 

The changes that the Yellowstone Lake ecosystem experienced post-invasion have been 

well-documented (e.g., Koel et al., 2019; Tronstad et al., 2010, 2015; Wilmot et al., 2016) and 

this research advances the knowledge on the Yellowstone Lake ecosystem and provides better 

insight into the influence of lake trout on the food wed. The conservation of Yellowstone 

cutthroat trout through the lake trout suppression program provides an example of a long-term 

mechanical-removal program for an invasive fish species in a large lentic ecosystem where the 

response has been closely monitored (e.g.,  Koel et al., 2020; Syslo et al., 2020). This research 

illustrates the importance of long-term monitoring and research to inform the establishment of 
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realistic conservation benchmarks for Yellowstone cutthroat trout in Yellowstone Lake, 

Yellowstone National Park.
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FIGURE A1. Standard Bayesian ellipse area (SEAB) posterior distributions for Yellowstone 
cutthroat trout for lake trout high-density state (Syslo et al. 2016) and a lake trout moderate-
density state (this study) (a), and lake trout for a high lake trout density state (Syslo et al. 2016) 
and lake trout moderate-density state (this study) (b) among length classes (listed below x-axis; 
mm total length). Black points represent the median, and boxes present the 50%, 80%, and 95% 
credible intervals. Relative abundances of lake trout are from Syslo et al. (2020), where no lake 
trout is a state with no detectable density or complete absence of lake trout, low-density state is 
~80,000 >300 mm lake trout, high-density state is ~450,000 >300 mm lake trout, and moderate-
density state is ~300,000 >300 mm lake trout. 
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FIGURE B1. Map of Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A.



  
    

 

 

 

 
FIGURE B2. Biomass flow diagram for pre-invasion food web in Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.
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TABLE B1. Sources for Yellowstone Lake taxa biomass estimates and diet data (where applicable) for each year of analysis. 
 1980 1998 2011 2018 

Taxa Biomass Diet Biomass Diet Biomass Diet Biomass Diet 

Yellowstone cutthroat 
trout juveniles 

Walsworth et al. 
2020 Jones et al. 1993 

Walsworth et al. 
2020 

Jones et al. 
1993 

Walsworth et al. 
2020 

Syslo et al. 
2016 

Walsworth et al. 
2020 

Glassic et 
al. 2022 

Yellowstone cutthroat 
trout adults 

Walsworth et al. 
2020 Jones et al. 1993 

Walsworth et al. 
2020 

Jones et al. 
1993 

Walsworth et al. 
2020 

Syslo et al. 
2016 

Walsworth et al. 
2020 

Glassic et 
al. 2022 

Lake trout juveniles - - Syslo et al. 2020 Ruzycki et 
al. 2003 

Syslo et al. 2020 Syslo et al. 
2016 

Syslo et al. 2020 Glassic et 
al. 2022 

Lake trout adults - - Syslo et al. 2020 Ruzycki et 
al. 2003 

Syslo et al. 2020 Syslo et al. 
2016 

Syslo et al. 2020 Glassic et 
al. 2022 

Longnose sucker 
juveniles 

CPUE 
relationship† Furey et al. 2020 

CPUE 
relationship† 

Furey et al. 
2020 

CPUE 
relationship† 

Furey et al. 
2020 

CPUE 
relationship† 

Furey et al. 
2020 

Longnose sucker adults 
CPUE 

relationship† Furey et al. 2020 
CPUE 

relationship† 
Furey et al. 

2020 
CPUE 

relationship† 
Furey et al. 

2020 
CPUE 

relationship† 
Furey et al. 

2020 

Leucisids*** Downing and 
Plante 2003 

Glassic et al. 2021 Downing and 
Plante 2003 

Glassic et 
al. 2021 

Downing and 
Plante 2003 

Glassic et 
al. 2021 

Downing and 
Plante 2003 

Glassic et 
al. 2021 

Cladocerans Tronstad et al. 
2010 

- Tronstad et al. 
2010 

- Tronstad et al. 
2010 

- Tronstad et al. 
2010 

- 

Copepods 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 

Amphipods 
Wilmot et al. 

2016* 
Author stable isotope 

analysis (SIA) 
Wilmot et al. 

2016** Author SIA 
Wilmot et al. 

2016** Author SIA Briggs 2020 Author SIA 

Chironomids Wilmot et al. 
2016* 

- Wilmot et al. 
2016** 

- Wilmot et al. 
2016** 

- Briggs 2020 - 

Other invertebratesa Wilmot et al. 
2016* 

- Wilmot et al. 
2016** 

- Wilmot et al. 
2016** 

- Briggs 2020 - 

Phytoplankton 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 
Tronstad et al. 

2010 - 

Periphyton Lujan 2020 - Lujan 2020 - Lujan 2020 - Lujan 2020 - 

*only South Arm estimates 
**average of South Arm and West Thumb estimates 
***P = 7.4 kg/ha based on a maximum individual weight of 18.03 g, then biomass calculated using log10(P) = 0.32+0.94 log10Biomass - 0.17 log10Weight 
†Longnose sucker biomass estimates were not available from the literature, but catch per unit effort (CPUE) was available (Koel et al., 2019). We assumed that the relationship 
between longnose sucker CPUE and biomass was comparable to that of the relationship between Yellowstone cutthroat trout CPUE and biomass. Therefore, to estimate longnose 
sucker biomass, we created a linear relationship between Yellowstone cutthroat trout CPUE and biomass from Walsworth et al. (2022). We then derived longnose sucker biomass 
from CPUE using the same linear model developed from the Yellowstone cutthroat trout CPUE-biomass relationship. 
aOther invertebrates are defined as in Syslo et al. (2016).

202 



   
    

 

 

TABLE B2. Average body mass (grams wet weight; g, ww) for nodes in the Yellowstone Lake food web. (NPS: National Park 
Service; SCAA: statistical catch-at-age model). 

 Weight (g, ww) 
Species 1980 1998 2011 2018 Source 

Yellowstone cutthroat trout juveniles 170.10 203.99 241.20 334.35 NPS assessment netting 
Yellowstone cutthroat trout adults 452.29 525.19 1326.39 1459.76 NPS assessment netting 
Lake trout juveniles NA 248.85 413.31 334.35 SCAA model – Syslo et al. 2020 
Lake trout adults NA 3025.29 3513.67 1459.76 SCAA model – Syslo et al. 2020 
Longnose sucker juveniles 260.12 171.70 155.39 239.75 NPS assessment netting 
Longnose sucker adults 850.52 817.65 750.28 1032.09 NPS assessment netting 
Leucisids 2.97 2.97 2.97 2.97 Author electrofishing surveys 
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TABLE B3. Parameter values used to calculate species metabolic rates (X = x0Mib) depending on 
their metabolic types and body mass for taxonomic group (Mi). Values and equation from Brown 
et al. (2004).  

Metabolic type Intercept 
(x0) 

Exponent 
(b) 

Ectotherm vertebrates 18.18 -0.29 
Invertebrates 17.17 -0.29 

 



   
    

 

 

TABLE B4. Proportional diet matrix for the Yellowstone Lake food web for 1980. Abbreviations are as follows: Leu = Leucisids; Cla 
= cladocerans; Cop = copepods; Amp = amphipods; Chi = chironomids; Inv = other invertebrates; Per = periphyton; Phy = 
phytoplankton; Det = detritus. 

                                                                               Consumer 

Prey 

Yellowstone 
cutthroat trout 

juveniles 

Yellowstone 
cutthroat 

trout adults 

Longnose 
sucker 

juveniles 

Longnose 
sucker 
adults Leu Cla Cop Amp Chi Inv Per Phy Det 

Yellowstone cutthroat trout juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 

Yellowstone cutthroat trout adults 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker adults 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leusicids 0 0.01 0 0 0 0 0 0 0 0 0 0 0 

Cladocerans 0.83 0.83 0.01 0.14 0.03 0 0 0.03 0 0 0 0 0 

Copepods 0 0 0.03 0 0.01 0 0 0.03 0 0 0 0 0 

Amphipods 0.09 0.08 0.25 0.06 0.18 0 0 0 0 0 0 0 0 

Chironomids 0.01 0.01 0.32 0.21 0.28 0 0 0 0 0 0 0 0 

Other invertebratesa 0.05 0.05 0.03 0.19 0.50 0 0 0.29 0 0.1 0 0 0 

Periphyton 0 0 0 0.06 0 0 0 0.24 0 0.4 0 0 0 

Phytoplankton 0 0 0 0 0 1 1 0.04 0 0 0 0 0 

Detritus 0.02 0.02 0.36 0.34 0 0 0 0.37 1 0.5 0 0 0 
aOther invertebrates are defined as in Syslo et al. (2016).  
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TABLE B5. Proportional diet matrix for the Yellowstone Lake food web for 1998. Abbreviations are as follows: Yct = Yellowstone 
cutthroat trout; Leu = Leucisids; Cla = cladocerans; Cop = copepods; Amp = amphipods; Chi = chironomids; Inv = other 
invertebrates; Per = periphyton; Phy = phytoplankton; Det = detritus. 

 Consumer 

Prey 
Yct 

juveniles 
Yct 

adults 

Lake 
trout 

juveniles 

Lake 
trout 
adults 

Longnose 
sucker 

juveniles 

Longnose 
sucker 
adults Leu Cla Cop Amp Chi Inva Per Phy Det 

Yct juveniles 0 0 0 0.56 0 0 0 0 0 0 0 0 0 0 0 

Yct adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leusicids 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cladocerans 0.32 0.32 0.03 0.02 0.01 0.14 0.03 0 0 0.03 0 0 0 0 0 

Copepods 0.01 0.02 0.03 0.02 0.03 0 0.01 0 0 0.03 0 0 0 0 0 

Amphipods 0.6 0.595 0.41 0.15 0.25 0.06 0.18 0 0 0 0 0 0 0 0 

Chironomids 0.03 0.025 0.37 0.18 0.32 0.21 0.28 0 0 0 0 0 0 0 0 

Other invertebratesa 0.04 0.04 0.16 0.07 0.03 0.19 0.50 0 0 0.29 0 0.1 0 0 0 

Periphyton 0 0 0 0 0 0.06 0 0 0 0.24 0 0.4 0 0 0 

Phytoplankton 0 0 0 0 0 0 0 1 1 0.04 0 0 0 0 0 

Detritus 0 0 0 0 0.36 0.34 0 0 0 0.37 1 0.5 0 0 0 
aOther invertebrates are defined as in Syslo et al. (2016).  
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TABLE B6. Proportional diet matrix for the Yellowstone Lake food web for 2011. Abbreviations are as follows: Yct = Yellowstone 
cutthroat trout; Leu = Leucisids; Cla = cladocerans; Cop = copepods; Amp = amphipods; Chi = chironomids; Inv = other 
invertebrates; Per = periphyton; Phy = phytoplankton; Det = detritus. 

 Consumer 

Prey 
Yct 

juveniles 
Yct 

adults 

Lake 
trout 

juveniles 

Lake 
trout 
adults 

Longnose 
sucker 

juveniles 

Longnose 
sucker 
adults Leu Cla Cop Amp Chi Inva Per Phy Det 

Yct juveniles 0 0 0 0.11 0 0 0 0 0 0 0 0 0 0 0 

Yct adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leusicids 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cladocerans 0.09 0.105 0.03 0.09 0.01 0.14 0.03 0 0 0.03 0 0 0 0 0 

Copepods 0.02 0.015 0.4 0.05 0.03 0 0.01 0 0 0.03 0 0 0 0 0 

Amphipods 0.82 0.79 0.41 0.63 0.25 0.06 0.18 0 0 0 0 0 0 0 0 

Chironomids 0.03 0.055 0.03 0.05 0.32 0.21 0.28 0 0 0 0 0 0 0 0 

Other invertebratesa 0.04 0.035 0.13 0.07 0.03 0.19 0.50 0 0 0.29 0 0.1 0 0 0 

Periphyton 0 0 0 0 0 0.06 0 0 0 0.24 0 0.4 0 0 0 

Phytoplankton 0 0 0 0 0 0 0 1 1 0.04 0 0 0 0 0 

Detritus 0 0 0 0 0.36 0.34 0 0 0 0.37 1 0.5 0 0 0 
aOther invertebrates are defined as in Syslo et al. (2016).  

207 



   
    

 

 

TABLE B7. Proportional diet matrix for the Yellowstone Lake food web for 2018. Abbreviations are as follows: Yct = Yellowstone 
cutthroat trout; Leu = Leucisids; Cla = cladocerans; Cop = copepods; Amp = amphipods; Chi = chironomids; Inv = other 
invertebrates; Per = periphyton; Phy = phytoplankton; Det = detritus. 

 Consumer 

Prey 
Yct 

juveniles 
Yct 

adults 

Lake 
trout 

juveniles 

Lake 
trout 
adults 

Longnose 
sucker 

juveniles 

Longnose 
sucker 
adults Leu Cla Cop Amp Chi Inva Per Phy Det 

Yct juveniles 0 0 0 0.55 0 0 0 0 0 0 0 0 0 0 0 

Yct adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Lake trout adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker juveniles 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Longnose sucker adults 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leusicids 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cladocerans 0.03 0.01 0.09 0.02 0.01 0.14 0.03 0 0 0.03 0 0 0 0 0 

Copepods 0.02 0.04 0.35 0.01 0.03 0 0.01 0 0 0.03 0 0 0 0 0 

Amphipods 0.88 0.9 0.42 0.38 0.25 0.06 0.18 0 0 0 0 0 0 0 0 

Chironomids 0.05 0.01 0.14 0.04 0.32 0.21 0.28 0 0 0 0 0 0 0 0 

Other invertebratesa 0.02 0.04 0 0 0.03 0.19 0.50 0 0 0.29 0 0.1 0 0 0 

Periphyton 0 0 0 0 0 0.06 0 0 0 0.24 0 0.4 0 0 0 

Phytoplankton 0 0 0 0 0 0 0 1 1 0.04 0 0 0 0 0 

Detritus 0 0 0 0 0.36 0.34 0 0 0 0.37 1 0.5 0 0 0 
aOther invertebrates are defined as in Syslo et al. (2016). 
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TABLE B8. Biomasses in grams of wet weight (standard deviation) of taxa in Yellowstone Lake before lake trout invasion (1980), 
during initial invasion (1998), during peak lake trout abundance (2011), and after high fishing pressure (suppression) on lake trout 
(2018). 

 Year 

Species 1980 1998 2011 2018 

Yellowstone cutthroat trout juveniles 7.90E+08 (7.44E+06) 2.96E+08 (2.73E+06) 5.57E+08 (4.38E+06) 4.71E+08 (3.99E+06) 

Yellowstone cutthroat trout adults 10.33E+08 (9.50E+06) 7.73E+08 (6.53E+06) 5.83E+08 (4.95E+06) 8.55E+08 (5.62E+06) 

Lake trout juveniles NA 6.85E+06 (6.01E+05) 1.22E+08 (8.01E+07) 1.18E+08 (6.01E+07) 

Lake trout adults NA 4.00E+07 (7.14E+06) 2.53E+08 (2.55E+07) 1.14E+08 (5.10E+07) 

Longnose sucker juveniles 6.04E+08 (5.69E+06) 2.39E+08 (2.20E+06)  6.25E+07 (4.91E+05) 9.42E+07 (7.98E+05) 

Longnose sucker adults 1.01E+09 (7.26E+06) 6.25E+08 (5.27E+06) 6.54E+07 (5.55E+05) 1.71E+08 (1.12E+06) 

Leucisids 4.19E+06 (6.40E+03) 4.19E+06 (6.40E+03) 4.19E+06 (6.40E+03) 4.19E+06 (6.40E+03) 

Cladocerans 2.46E+08 (2.46E+07) 1.43E+09 (1.43E+08) 1.43E+09 (1.43E+08) 1.43E+09 (1.43E+08) 

Copepods 7.17E+08 (7.17E+07) 6.14E+08 (6.14E+07) 6.14E+08 (6.14E+07) 6.14E+08 (6.14E+07) 

Amphipods 3.30E+08 (6.60E+07) 4.20E+08 (8.40E+07) 4.20E+08 (8.40E+07) 1.91E+08 (3.82E+07) 

Chironomids 4.44E+07 (8.87E+06) 7.60E+07 (1.52E+07) 7.60E+07 (1.52E+07) 1.47E+08 (2.94E+07) 

Other invertebratesa 4.90E+07 (9.79E+06) 4.72E+07 (9.44E+06) 4.72E+07 (9.44E+06) 5.01E+07 (1.00E+07) 

Periphyton 1.02E+07 (2.05E+06) 1.02E+07 (2.05E+06) 1.02E+07 (2.05E+06) 1.02E+07 (2.05E+06) 

Phytoplankton 3.40E+08 (6.80E+07) 8.50E+07 (1.70E+07) 8.50E+07 (1.70E+07) 8.50E+07 (1.70E+07) 

Detritus 1.70E+09 (6.80E+08) 1.70E+09 (6.80E+08) 1.70E+09 (6.80E+08) 1.70E+09 (6.80E+08) 
aOther invertebrates are defined as in Syslo et al. (2016) 
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TABLE B9. Assimilation efficiencies of consumers for the Yellowstone Lake food web. 
Consumer Assimilation efficiency (food type) 

Lake trout 0.69 (fish)1; 0.23 (invertebrates)2 

Yellowstone cutthroat trout 0.58 (invertebrates)3 

Longnose sucker 0.432 - 0.5634 

Leucisids 0.1985 

1Rowan and Rassmusen 1996 
2Forseth et al. 1992 (values for brown trout) 
3Jenkins and Keeley 2010 
4Vondracek et al. 1989 (values for Tahoe sucker) 
5Borgmann and Ralph 1985 
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FIGURE C1. Ecosim fitting for historical timeseries data (1980 – 2019).  Lines are Ecosim 
model fit. Points are observed values. 
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FIGURE C2. Estimated Lake Trout abundance for the historical (1980 – 2019) period in 
Yellowstone Lake showing best fit model (bold line) and error models (grey lines).  
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FIGURE C3. Estimated Yellowstone Cutthroat Trout abundance for the historical (1980 – 2019) 
period in Yellowstone Lake showing best fit model (bold line) and error models (grey lines). 
Dashed line represents recovery benchmarks derived for each age class from Koel et al. 2020a. 
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FIGURE C4. Lake Trout suppression effort scenarios showing best fit model (bold line) and 
error models (transparent lines) at 50% (blue line) and 25% (tan line) efforts (percentage of 2018 
effort; 97,000 units) for the Lake Trout population in Yellowstone Lake from 2020 to 2050.  
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FIGURE C5. Lake Trout suppression effort scenarios showing best fit model (bold line) and 
error models (transparent lines) at 50% (blue line) and 75% (tan line) efforts (percentage of 2018 
effort; 97,000 units) for the Lake Trout population in Yellowstone Lake from 2020 to 2050. 
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FIGURE C6. Effort scenarios showing best fit model (bold dash dot line) and error models 
(transparent lines) at varying effort with carcass analog pellets (CAP) for the Yellowstone 
Cutthroat Trout population in Yellowstone Lake from 2020 to 2050. Recovery benchmarks were 
derived for each age class from Koel et al. (2010). 
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FIGURE C7. Effort scenarios showing best fit model (bold dashed line) and error models 
(transparent lines) at varying effort with climate change for the Yellowstone Cutthroat Trout 
population in Yellowstone Lake from 2019 to 2050. Recovery benchmarks were derived for each 
age class from Koel et al. (2010). 



   
    

 

 

TABLE C1. Inputs for groups included in the 1980 balance year for the Yellowstone Lake, Yellowstone National Park, Wyoming, 
U.S.A. Ecopath model.  

Group name Biomass (t/km²) 
Instantaneous total 
mortality (/year) 

Production / biomass 
(/year) 

Consumption / biomass 
(/year) Ecotrophic efficiency 

Lake Trout ≤6 months Estimated by Ecopath 3.97g --- Estimated by Ecopath Estimated by Ecopath 

Lake Trout 7 months - 1 year old Estimated by Ecopath 1.72g --- Estimated by Ecopath Estimated by Ecopath 

Lake Trout 2 years old Estimated by Ecopath 1.02g --- Estimated by Ecopath Estimated by Ecopath 

Lake Trout 3 - 4 years old Estimated by Ecopath 0.77g --- Estimated by Ecopath Estimated by Ecopath 

Lake Trout ≥5 years old  0.02* 0.32g --- 1.22h Estimated by Ecopath 

Yellowstone Cutthroat Trout ≤23 months Estimated by Ecopath 1.33a --- Estimated by Ecopath Estimated by Ecopath 

Yellowstone Cutthroat Trout 2 years old Estimated by Ecopath 0.48a --- Estimated by Ecopath Estimated by Ecopath 

Yellowstone Cutthroat Trout 3 years old Estimated by Ecopath 0.41a --- Estimated by Ecopath Estimated by Ecopath 

Yellowstone Cutthroat Trout 4 years old Estimated by Ecopath 0.46a --- Estimated by Ecopath Estimated by Ecopath 

Yellowstone Cutthroat Trout ≥5 years old 3.77a 0.33a --- 2.95i Estimated by Ecopath 

Longnose Sucker 0.89b --- 1.63 8.29j Estimated by Ecopath 

Leucisids 0.01c --- 0.74 14.49k Estimated by Ecopath 

Invertebrates 1.28d --- 8.92 17.16** Estimated by Ecopath 

Amphipods 1.00d --- 4.97 13.50** Estimated by Ecopath 

Zooplankton 6.33e --- 10.01 24.64** Estimated by Ecopath 

Periphyton 0.13f --- 122.41 0 Estimated by Ecopath 

Phytoplankton 0.83e --- Estimated by Ecopath 0 0.96 

Detritus 5.00 --- --- --- Estimated by Ecopath 
*calculated using Monte Carlo Simulation tool in Ecosim with 1,000 simulations and CV of 0.2 
**value selected to balance model while keeping other parameters close to published estimates  
a estimated from Walsworth et al. (2020)  
b derived from Vinson et al. (2019) 
c derived from Stables et al. (2016) 
d derived from Wilmot et al. (2016) 
e derived from Tronstad et al. (2010) 
f derived from Lujan (2021) 
g derived from Syslo et al. (2020) 
h derived from FishBase Ecopath parameters life history tool for Salvelinus namaycush 
i derived from FishBase Ecopath parameters life history tool for Oncorhynchus clarkii 

j derived from FishBase Ecopath parameters life history tool for Catostomus catostomus 

k derived from FishBase Ecopath parameters life history tool for Richardsonius balteatus  
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TABLE C2. Diet proportion matrix for taxa included in the 1980 balance year for the Yellowstone Lake, Yellowstone National Park, 
Wyoming, U.S.A. Ecopath model. Abbreviations are as follows: mo= months; yo= years old; LNS= Longnose sucker; LEU= 
Leucisids; INV= invertebrates; AMP= amphipods; ZOO= zooplankton. 

 Predator 

Prey 

Lake 
Trout 

≤6 moa 

Lake 
Trout 7 
months 
- 1 yoa 

Lake 
Trout 
2 yoa 

Lake 
Trout 
3 - 4 
yoa 

Lake 
Trout 

5+ 
yoa 

Cutthroat 
Trout ≤23 

mob 

Cutthroat 
Trout 2 

yob 

Cutthroat 
Trout 3 

yob 

Cutthroat 
Trout 4 

yob 

Cutthroat 
Trout ≥5 

yob LNSc LEUd INV AMP ZOO 

Lake Trout ≤6 mo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lake Trout 7 mo - 1 yo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lake Trout 2 yo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lake Trout 3 - 4 yo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Lake Trout 5+ yo  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cutthroat Trout ≤23 mo 0.00 0.00 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cutthroat Trout 2 yo 0.00 0.00 0.00 0.25 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cutthroat Trout 3 yo 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cutthroat Trout 4 yo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cutthroat Trout ≥5 yo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Longnose Sucker 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Leucisids 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Invertebrates 0.00 0.15 0.15 0.15 0.01 0.08 0.08 0.08 0.08 0.08 0.67 0.60 0.10 0.00 0.00 

Amphipods 0.00 0.40 0.40 0.32 0.24 0.08 0.08 0.08 0.08 0.08 0.12 0.00 0.00 0.00 0.00 

Zooplankton 1.00 0.45 0.45 0.03 0.00 0.84 0.84 0.84 0.84 0.84 0.03 0.20 0.00 0.00 0.00 

Periphyton 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.00 

Phytoplankton 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 1.00 

Detritus  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.00 0.50 1.00 0.00 
a derived from Ruzycki et al. (2003) 
b derived from Jones et al. (1993) 
c derived from Furey et al. (2020) 
d derived from Glassic et al. (2021) 
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TABLE C3. Discards of fisheries fleet (mg/m2/yr) and discard mortality rate for taxa included in 
the 1980 balance year for the Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. 
Ecopath model. 

Taxa Suppression netting Discard mortality rate 

Lake Trout 0-6 months 7.01E-04 1 
Lake Trout 7-23 months 4.73E-03 1 
Lake Trout 2 2.30E-03 1 
Lake Trout 3-4 3.03E-03 1 
Lake Trout 5+ 3.83E-03 1 
Cutthroat Trout 2 1.38E-05 0.5 
Cutthroat Trout 3 3.42E-05 0.5 
Cutthroat Trout 4 3.42E-05 0.5 
Cutthroat Trout 5+ 3.42E-05 0.5 
Longnose Sucker 9.00E-06 0.5 

 



    

 

TABLE C4. Balanced Ecopath model for groups included in the 1980 balance year for the Yellowstone Lake, Yellowstone National 
Park, Wyoming, U.S.A. Values in bold were estimated by the Ecopath balancing procedure. Values not in bold were input from 
published literature estimates and derived for Ecopath balancing. 

Group name Trophic level 
Biomass 
(t/km²) 

Instantaneous total 
mortality (/year) 

Production / 
biomass (/year) 

Consumption / 
biomass (/year) 

Ecotrophic 
efficiency 

Production / consumption 
(/year) 

Lake Trout ≤6 months 3 0.0003526 3.97841g  18.28639 0.5000001 0.2175612 

Lake Trout 7 months - 1 year old 3.016666 0.005484466 1.724403g  5.569503 0.5000001 0.3096151 

Lake Trout 2 years old 3.016666 0.004525064 1.018523g  3.017801 0.5000001 0.3375051 

Lake Trout 3 - 4 years old 3.521111 0.007894875 0.7678549g  2.08768 0.4999999 0.367803 

Lake Trout ≥5 years old  3.757777 0.02382646* 0.3216706g  1.22267h 0.5000001 0.2630886 

Cutthroat Trout ≤23 months 3.008889 0.4085163 1.328917a  10.8912 0.02100534 0.1220175 

Cutthroat Trout 2 years old 3.008889 0.4814394 0.4824114a  5.905965 0.06794414 0.08168205 

Cutthroat Trout 3 years old 3.008889 0.6483188 0.4047134a  4.626235 0.01116797 0.08748222 

Cutthroat Trout 4 years old 3.008889 0.6891884 0.4637519a  3.934777 5.35E-05 0.1178598 

Cutthroat Trout ≥5 years old 3.008889 3.765934a 0.3258167a  2.953203i 1.39E-05 0.1103266 

Longnose Sucker 2.894445 0.8910999b  1.631298 8.287207j 3.10E-06 0.1968453 

Leucisids 2.866667 0.001648579c  0.7410091 14.49386k 0 0.05112573 

Invertebrates 2.111111 1.282138d  8.91692 17.16042*** 0.7961117 0.5196212 

Amphipods 2 1.002937d  4.966499 13.49838*** 0.5713884 0.3679329 

Zooplankton 2 6.326146e  10.00978 24.63767*** 0.3240252 0.4062796 

Periphyton 1 0.1275036f  122.4084 0 0.5638834  

Phytoplankton 1 0.8301126e  195.5499** 0 0.9601913  

Detritus 1 5       0.172368   
*calculated using Monte Carlo Simulation tool in Ecosim with 1,000 simulations and CV of 0.2 
**estimated from balancing procedure in Ecopath when ecotrophic efficiency for phytoplankton = 0.96 
***value selected to balance model while keeping other parameters close to published estimates  
a estimated from Walsworth and Gaeta (2020) 
b derived from Vinson et al. (2019) 
c derived from Stables et al. (2016) 
d derived from Wilmot et al. (2016) 
e derived from Tronstad et al. (2010) 
f derived from Lujan (2021) 
g derived from Syslo et al. (2020) 
h derived from FishBase Ecopath parameters life history tool for Salvelinus namaycush 
i derived from FishBase Ecopath parameters life history tool for Oncorhynchus clarkii 

j derived from FishBase Ecopath parameters life history tool for Catostomus catostomus 

k derived from FishBase Ecopath parameters life history tool for Richardsonius balteatus  
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TABLE C5. Time-series data formatted for use in Ecosim model fitting for Yellowstone Lake, Yellowstone National Park, Wyoming, 
U.S.A. Weight is the relative confidence of the time series for the group, with 1 being high confidence and 0.1 being low confidence. 
Pool code is the number assigned to the group in Ecopath. Type is the category of time-series data, defined by Ecopath. Further 
descriptions of type category can be accessed on the Ecopath user manual (http://sources.ecopath.org/trac/Ecopath). Abbreviations are 
as follows: LKT= Lake Trout; YCT= Yellowstone Cutthroat Trout; LNS= Longnose Sucker; INV= invertebrates; AMP= amphipods; 
ZOO= zooplankton; PHY= phytoplankton; BA= biomass absolute; BR= biomass relative; FE= fishing effort; FM= fishing mortality; 
mo= months. a from Syslo et al. (2020); b from Koel et al. (2020a); c from Wilmot et al. (2016); d from Tronstad et al. (2010). 

Title 
LKT 
5+a 

LKT 
2a 

LKT 
3-4 a 

YCT 
2b 

YCT 
3b 

YCT 
4b 

YCT 
5+b LNSb INVc AMPc ZOOd PHYd 

LKT 
2 

catcha 

LKT 
3-4 

catcha 

LKT 
5+ 

catcha 
Gillnetting 

efforta 

LKT 
≤6 

moa 

LKT 
7-23 
moa 

LKT 
2a 

LKT 
3-4a 

LKT 
5+a 

Weight 1 1 1 0.5 0.5 0.5 0.5 0.1 0.1 0.1 0.1 0.1 1 1 1 1 1 1 1 1 1 
Pool  5 3 4 7 8 9 10 11 13 14 15 17 3 4 5 1 1 2 3 4 5 
Type BA BR BR BR BR BR BR BR BR BR BR BR Catch Catch Catch FE FM FM FM FM FM 

1980 0.00 0.00 0.00 9.76 8.09 6.75 4.78 26.20 1.20 1.08 6.02 1.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1981 0.00 0.00 0.00 25.44 29.43 26.95 12.57 23.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1982 0.00 0.00 0.00 7.22 5.12 6.70 4.40 34.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1983 0.00 0.00 0.00 20.10 10.48 6.46 5.24 29.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1984 0.00 0.00 0.00 21.78 11.35 8.87 4.58 35.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1985 0.00 0.00 0.00 10.53 9.58 8.54 5.11 16.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1986 0.00 0.00 0.00 16.79 10.24 7.18 4.93 27.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1987 0.00 0.00 0.00 14.69 13.64 8.95 5.67 26.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1988 0.00 0.00 0.00 10.38 10.96 8.85 6.00 20.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1989 0.00 0.00 0.00 8.28 8.18 9.28 6.03 14.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1990 0.00 0.00 0.00 6.75 6.27 6.89 5.67 28.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1991 0.00 0.00 0.00 15.11 7.26 5.02 5.21 27.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1992 0.00 0.00 0.00 8.19 6.06 4.87 4.99 10.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1993 0.00 0.00 0.00 11.48 11.82 8.42 5.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.99 0.86 0.51 0.38 0.16 
1994 0.00 0.00 0.00 11.34 9.57 7.37 4.33 25.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 
1995 0.00 0.00 0.00 8.66 9.04 9.47 4.83 24.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1996 0.00 0.00 0.00 7.31 7.41 6.58 4.12 17.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1997 0.00 0.00 0.00 5.31 5.02 7.37 4.16 16.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1998 0.08 0.01 0.04 5.17 3.46 5.26 3.90 20.50 1.16 1.38 30.00 0.25 0.00 0.00 0.01 1.00 0.00 0.00 0.04 0.09 0.09 
1999 0.13 0.02 0.05 3.22 1.85 4.24 5.02 21.90 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.10 0.00 0.00 0.03 0.06 0.06 
2000 0.21 0.02 0.07 5.69 2.39 3.06 3.09 12.60 0.00 0.00 0.00 0.00 0.00 0.01 0.03 2.38 0.00 0.00 0.07 0.14 0.15 
2001 0.18 0.02 0.05 8.37 1.63 2.44 1.82 22.40 0.00 0.00 0.00 0.00 0.00 0.01 0.02 7.81 0.00 0.00 0.06 0.13 0.14 
2002 0.25 0.03 0.05 9.23 2.01 2.68 2.68 15.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 10.22 0.00 0.00 0.07 0.14 0.14 
2003 0.28 0.04 0.05 10.91 2.30 1.91 2.03 6.80 0.00 0.00 0.00 0.00 0.00 0.01 0.04 12.39 0.00 0.00 0.08 0.17 0.18 
2004 0.23 0.05 0.07 10.96 1.96 2.25 2.15 7.30 0.00 0.00 0.00 0.00 0.00 0.01 0.04 10.91 0.00 0.00 0.09 0.18 0.19 
2005 0.24 0.06 0.09 8.18 2.12 1.60 1.80 10.30 0.00 0.00 0.00 0.00 0.01 0.02 0.04 13.23 0.00 0.00 0.10 0.20 0.21 
2006 0.23 0.09 0.14 16.36 2.82 1.53 1.44 9.50 0.00 0.00 0.00 0.00 0.01 0.03 0.05 17.33 0.00 0.00 0.12 0.26 0.27 
2007 0.27 0.06 0.18 12.58 4.35 2.68 2.18 15.20 0.00 0.00 0.00 0.00 0.01 0.04 0.07 19.58 0.00 0.00 0.14 0.30 0.31 
2008 0.30 0.06 0.22 15.31 3.49 2.73 1.75 9.00 0.00 0.00 0.00 0.00 0.01 0.04 0.06 11.35 0.00 0.00 0.11 0.23 0.23 
2009 0.37 0.08 0.25 6.86 2.35 1.36 1.50 14.80 0.00 0.00 0.00 0.00 0.01 0.06 0.09 13.73 0.00 0.00 0.13 0.27 0.28 
2010 0.39 0.09 0.33 38.23 4.21 1.05 1.44 2.60 0.00 0.00 0.00 0.00 0.01 0.09 0.11 19.43 0.00 0.00 0.16 0.34 0.36 
2011 0.52 0.16 0.39 16.56 5.98 1.34 2.06 1.60 1.16 1.38 30.00 0.25 0.02 0.12 0.15 18.51 0.00 0.00 0.18 0.38 0.39 
2012 0.54 0.19 0.49 18.17 7.94 2.68 3.53 4.70 0.00 0.00 0.00 0.00 0.04 0.21 0.23 31.74 0.00 0.00 0.28 0.60 0.62 
2013 0.47 0.13 0.51 0.30 0.68 2.65 3.60 4.00 0.00 0.00 0.00 0.00 0.04 0.25 0.23 42.91 0.00 0.00 0.35 0.73 0.76 
2014 0.40 0.20 0.47 0.95 1.34 2.11 3.97 6.00 0.00 0.00 0.00 0.00 0.05 0.22 0.19 51.58 0.00 0.00 0.32 0.67 0.70 
2015 0.35 0.20 0.41 6.17 6.46 2.66 2.57 2.80 0.00 0.00 0.00 0.00 0.06 0.21 0.18 53.04 0.00 0.00 0.36 0.75 0.79 
2016 0.30 0.17 0.42 5.05 4.24 5.73 4.85 5.10 0.00 0.00 0.00 0.00 0.05 0.23 0.18 54.70 0.00 0.00 0.42 0.88 0.92 
2017 0.24 0.18 0.39 4.77 5.51 5.73 5.35 5.00 0.00 0.00 0.00 0.00 0.06 0.25 0.16 62.44 0.00 0.00 0.50 1.06 1.10 
2018 0.18 0.13 0.35 3.96 3.23 3.38 4.38 0.00 1.23 0.63 30.00 0.25 0.05 0.22 0.12 67.31 0.00 0.00 0.52 1.08 1.13 
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TABLE C6. Time-series data for water level used for model fitting in Ecosim for Yellowstone 
Lake, Yellowstone National Park, Wyoming, U.S.A.  

Year 
Water level relative 

to 1980 
1980 1 
1981 1.064854 
1982 1.439331 
1983 1.129707 
1984 1.202929 
1985 0.9748954 
1986 1.541841 
1987 0.7426778 
1988 0.7740586 
1989 1.087866 
1990 1.035565 
1991 1.198745 
1992 0.8263598 
1993 1.056485 
1994 0.8158996 
1995 1.188285 
1996 1.483264 
1997 1.615063 
1998 1.089958 
1999 1.343096 
2000 1.033473 
2001 0.7364017 
2002 1.027197 
2003 1.094142 
2004 0.7698745 
2005 0.9393305 
2006 1.135983 
2007 0.7698745 
2008 1.376569 
2009 1.334728 
2010 1.165272 
2011 1.585774 
2012 0.9853557 
2013 0.916318 
2014 1.257322 
2015 0.9309623 
2016 0.872385 
2017 1.374477 
2018 1.343096 
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 TABLE C7. Time-series data for whirling disease used for model fitting in Ecosim for 

Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. Information for whirling 
disease was applied as an environmental response on mortality of Yellowstone Cutthroat Trout 
age 1 – 23 months and age 2. 

Year Whirling disease value Assumed prevalence in population (%) 
1980 1.00 14.6 
1981 1.00 14.6 
1982 1.00 14.6 
1983 1.00 14.6 
1984 1.00 14.6 
1985 1.00 14.6 
1986 1.00 14.6 
1987 1.00 14.6 
1988 1.00 14.6 
1989 1.00 14.6 
1990 1.06 15.5 
1991 1.06 15.5 
1992 1.06 15.5 
1993 1.06 15.5 
1994 1.06 15.5 
1995 1.06 15.5 
1996 1.06 15.5 
1997 1.34 19.6 
1998 1.34 19.6 
1999 1.34 19.6 
2000 1.34 19.6 
2001 1.34 19.6 
2002 1.34 19.6 
2003 1.34 19.6 
2004 1.06 15.5 
2005 1.06 15.5 
2006 1.06 15.5 
2007 1.06 15.5 
2008 1.06 15.5 
2009 1.06 15.5 
2010 0.68 10.0 
2011 0.68 10.0 
2012 0.68 10.0 
2013 0.68 10.0 
2014 0.68 10.0 
2015 1.13 16.5 
2016 1.13 16.5 
2017 1.13 16.5 
2018 1.13 16.5 
2019 1.06 15.5 
2020 1.06 15.5 
2021 1.06 15.5 
2022 1.06 15.5 
2023 1.06 15.5 
2024 1.06 15.5 
2025 1.06 15.5 
2026 1.34 19.6 
2027 1.34 19.6 
2028 1.34 19.6 
2029 1.34 19.6 
2030 1.34 19.6 
2031 1.34 19.6 
2032 1.34 19.6 
2033 1.06 15.5 
2034 1.06 15.5 
2035 1.06 15.5 
2036 1.06 15.5 
2037 1.06 15.5 
2038 1.06 15.5 
2039 0.68 10.0 
2040 0.68 10.0 
2041 0.68 10.0 
2042 0.68 10.0 
2043 0.68 10.0 
2044 1.13 16.5 
2045 1.13 16.5 
2046 1.13 16.5 
2047 1.13 16.5 
2048 1.06 15.5 
2049 1.06 15.5 
2050 1.06 15.5 



  
    

 

 

TABLE C8. Behavioral information, known as “Group info” in Ecosim, for groups included in the Yellowstone Lake, Yellowstone 
National Park, Wyoming, U.S.A. Ecosim model. Descriptions of table headings can be found in the Ecopath user manual 
(http://sources.ecopath.org/trac/Ecopath).  

Group name 

Max 
relative 

P/B 
Max relative 
feeding time 

Feeding time 
adjust rate 

[0,1] 

Fraction of other 
mortality sensitive 

to changes in 
feeding time 

Predator 
effect on 
feeding 

time [0,1] 

Density-
dependent 

catchability: 
Qmax/Qo [>=1] 

QBmax/QBo 
(for handling 

time) [>1] 

Switching 
power 

parameter 
[0,2] 

Lake Trout 0-6 months 2 2 0.5 1 0 1 1000 0 

Lake Trout 7-23 months 2 2 0.5 1 0 1 1000 0 

Lake Trout 2 2 2 0 1 0 1 1000 0 

Lake Trout 3-4 2 2 0 1 0 1 1000 1 

Lake Trout 5+ 2 2 0 1 0 1 1000 1 

Cutthroat Trout 0-23 months 2 2 0.5 1 0 1 1000 0 

Cutthroat Trout 2 2 2 0 1 0 1 1000 0 

Cutthroat Trout 3 2 2 0 1 0 1 1000 0 

Cutthroat Trout 4 2 2 0 1 0 1 1000 0 

Cutthroat Trout 5+ 2 2 0 1 0 1 1000 0 

Longnose Sucker 2 2 0 1 0 1 1000 0 

Cyprinids 2 2 0 1 0 1 1000 0 

Invertebrates 2 2 0 1 0 1 1000 0 

Amphipods 2 2 0 1 0 1 1000 0 

Zooplankton 2 2 0 1 0 1 1000 0 

Periphyton 2 1 0.5 1 0 1 1000 0 

Phytoplankton 2 1 0.5 1 0 1 1000 0 

226 



   
    

 

227 

TABLE C9. Coefficient of variation values used in the Monte Carlo simulation for 250 iterations 
of the Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A Ecopath model for use in 
Ecosampler. Biomass coefficient of variation was derived from error associated with abundance, 
catch per unit effort (CPUE), or biomass data, if available. Production/biomass and 
consumption/biomass coefficient of variation was not changed from the default value in the 
Monte Carlo simulation. 

Group 
Biomass coefficient of 

variation 

Production/biomass & 
Consumption/biomass 
coefficient of variation 

Lake Trout 0-6 months NA 0.1 
Lake Trout 7-23 months NA 0.1 
Lake Trout 2 NA 0.1 
Lake Trout 3-4 NA 0.1 
Lake Trout 5+ 0.2 0.1 
Cutthroat Trout 2 NA 0.1 
Cutthroat Trout 3 NA 0.1 
Cutthroat Trout 4 NA 0.1 
Cutthroat Trout 5+ 0.1 0.1 
Longnose Sucker 0.1 0.1 
Cyprinids 0.2 0.1 
Invertebrates 0.1 0.1 
Amphipods 0.2 0.1 
Zooplankton 0.2 0.1 
Periphyton 0.2 0.1 
Phytoplankton 0.2 0.1 
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TABLE C10. Projection scenarios of water level relative to 1980 levels in Yellowstone Lake. 
Normal scenario water levels from 2019 to 2050 were randomly sampled with replacement from 
the distribution of water levels from 1980 to 2018. For the climate change scenario, we wanted to 
simulate a potential decrease in lake level commensurate to climate projections for the Greater 
Yellowstone Area. To simulate climate change, we created a distribution of Yellowstone Lake 
level from 1986 to 2005 (the same years as the comparison in Hostetler et al. 2021). We then 
created another distribution for the climate change scenario (n=100), where the mean was 35% 
less than the distribution from 1986 to 2005 and held the standard deviation at the same value as 
1986 to 2005. The values for the climate change scenario from 2019 to 2050 were randomly 
selected with replacement from the climate change scenario distribution described above. 

Year Normal scenario 
(relative to 1980) 

Climate change scenario 
(relative to 1980) 

2019 1.34 0.57 
2020 0.92 0.39 
2021 1.06 0.58 
2022 1.54 0.47 
2023 1.54 0.88 
2024 1.54 1.07 
2025 1.59 0.65 
2026 0.77 0.33 
2027 1.09 0.70 
2028 0.77 0.80 
2029 1.38 0.56 
2030 1.07 0.51 
2031 1.04 0.26 
2032 1.34 0.78 
2033 1.07 0.40 
2034 0.82 0.40 
2035 1.19 0.45 
2036 1.00 0.46 
2037 1.20 0.57 
2038 1.09 1.15 
2039 1.07 0.56 
2040 1.48 0.96 
2041 1.62 0.65 
2042 1.59 0.61 
2043 1.20 0.60 
2044 1.19 1.35 
2045 1.38 0.43 
2046 1.03 0.11 
2047 0.98 0.65 
2048 1.26 0.39 
2049 1.44 0.40 
2050 0.92 0.89 



   

    

 

 

TABLE C11. Vulnerabilities for groups included in the Yellowstone Lake, Yellowstone National Park, Wyoming, U.S.A. Ecosim 

model. Vulnerability parameters represent the rates at which prey move from an invulnerable state to a vulnerable state within the 

foraging arena, and one parameter exists for each predator–prey interaction (Ahrens et a. 2012). At very high vulnerability values 

(>100), prey become vulnerable to predation at faster rates, which implies a linear relationship between predator biomass and 

predation mortality that can lead to unstable Lotka-Volterra dynamics (Chagaris et al. 2015). At low vulnerability values (<2) 

predation mortality rates remain relatively constant when predator abundance changes (Chagaris et al. 2015). Within the automated 

search, we “did not reset V’s on run,” and the “sensitivity of SS to V” was executed by “predator-prey” with the number of categories 

= 8. Abbreviation mo= months. 
 Predator 

Prey 

Lake 

Trout 0-

6 months 

Lake 

Trout 7-

23 

months 

Lake  

Trout 2 

Lake 

Trout  

3-4 

Lake 

Trout 5+ 

Cutthroat 

Trout 

0-23 months 

Cutthroat 

Trout 2 

Cutthroat 

Trout 3 

Cutthroat 

Trout 4 

Cutthroat 

Trout 5+ 

Longnose 

Sucker Leucisids Invertebrates Amphipods Zooplankton 

Lake Trout 0-6 mo 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Lake Trout 7-23 mo 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Lake Trout 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Lake Trout 3-4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Lake Trout 5+ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Cutthroat Trout 0-23 mo 2 2 2 1.00E+10 1.00E+10 2 2 2 2 2 2 2 2 2 2 

Cutthroat Trout 2 2 2 2 1.00E+10 1.00E+10 2 2 2 2 2 2 2 2 2 2 

Cutthroat Trout 3 2 2 2 2 1.00E+10 2 2 2 2 2 2 2 2 2 2 

Cutthroat Trout 4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Cutthroat Trout 5+ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Longnose Sucker 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Cyprinids 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 

Invertebrates 2 5.91E+07 1.003482 1.00E+10 1.00E+10 6.594223 1.000001 1.37E+03 145.7959 7.05E+06 1.565248 2 1.000001 2 2 

Amphipods 2 1.00E+10 1.000001 55.58002 1.00E+10 1.000001 1.000001 1.00E+10 3.21E+08 1.00E+10 1.001477 2 2 2 2 

Zooplankton 1.000001 1.00E+10 1.00E+10 1.000004 2 6.792322 1.00E+10 1.00E+10 1.00E+10 1.00E+05 1103.459 2 2 2 2 

Periphyton 2 2 2 2 2 2 2 2 2 2 2 2 1.000001 2 2 

Phytoplankton 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1.00E+10 

Detritus 2 2 2 2 2 2 2 2 2 2 1.040655 2 1.00E+10 22.13451 2 
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