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Abstract: Yellowstone Lake in Yellowstone National Park, USA, has the longest ongoing 21 

suppression program for non-native lake trout (Salvelinus namaycush) in the western USA.  We 22 

used harvest data from the suppression program, along with data from an assessment program 23 

initiated in 2011, to estimate lake trout abundance and mortality rates.  Abundance and biomass 24 

estimates were used to estimate stock-recruitment dynamics, which were inputs to a simulation 25 

model forecasting lake trout responses to continued suppression efforts.  Lake trout abundance 26 

increased from 1998 to 2012 when total annual mortality exceeded 0.59; abundance 27 

subsequently declined through 2018.  The fishing mortality level required to reduce abundance 28 

was 67% greater than predicted by models that used pre-recruit survival estimates from lake 29 

trout’s native range.  Pre-recruit survival in Yellowstone Lake was estimated at 4-6 times greater 30 

than native range survival rates.  Simulations predicted abundance would continue declining if 31 

recent suppression efforts were maintained.  High pre-recruit survival in Yellowstone Lake likely 32 

illustrates ecological release for an invasive species in a system containing few predators or 33 

competitors with significant implications for population suppression.   34 

35 
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Introduction 36 

 Non-native fishes have been implicated in the decline of native fish populations 37 

worldwide (Dudgeon et al. 2006; Jelks et al. 2008), causing eradication or suppression projects 38 

to increase in frequency and scale in recent years (Britton et al. 2011). Rapid initiation of 39 

suppression efforts on initial detection of the invading species has been deemed critical to curtail 40 

population expansion (Simberloff 2003); nevertheless, it still can be beneficial to conduct 41 

baseline assessment studies and simulation modeling to assess the efficacy of management 42 

actions prior to committing to specific control policies (Hansen et al. 2010; Syslo et al. 2013; 43 

Tsehaye et al. 2013).  In the early stages of a suppression program, demographic rates of the 44 

target non-native population may be difficult to accurately estimate due to a paucity of available 45 

data in the invaded system, requiring assessment studies to borrow vital demographic rates from 46 

the species’ native range (Morris et al. 2011; Syslo et al. 2011).  The assumption that vital rates 47 

will be similar between native and introduced populations ignores the potential for characteristics 48 

of the receiving ecosystem to alter population dynamics through differences in community 49 

structure or the abiotic environment (Ricciardi et al. 2013).  Published studies have indicated that 50 

niche expansion can result after ecological release from predation or interspecific competition 51 

(Bolnick et al. 2010; Shedd et al. 2015); however, we are unaware of any studies examining the 52 

potential effects of ecological release on demographic rates for non-native fish populations 53 

subject to eradication or suppression efforts.  54 

The lake trout (Salvelinus namaycush) is an apex predator native to northern  55 

North America that has been introduced to 15 countries and extensively within the United 56 

States (Crossman 1995).  Lake trout have been introduced into large lakes and reservoirs in 57 

eight western US states (Martinez at al. 2009), where their presence has led to declines in 58 
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native salmonid populations (Fredenberg 2002; Vander Zanden et al. 2003; Koel et al. 59 

2005) and subsequently altered ecosystem structure and function (Ellis et al. 2011; Koel et 60 

al. 2019).  The negative effects stemming from non-native lake trout expansion has led to 61 

the initiation of multiple suppression programs in the western USA in an effort to restore 62 

native salmonid populations (Syslo et al. 2011; Cox et al. 2013; Pate et al. 2014; Hansen et 63 

al. 2016; Ng et al. 2016; Fredenberg 2017; Dux et al. 2019).  64 

Lake trout were discovered in Yellowstone Lake, Yellowstone National Park, in  65 

1994 (Kaeding et al. 1996) following an introduction likely occurring in the mid-to-late 66 

1980s (Munro et al. 2005).  Yellowstone Lake contains the largest population of non-67 

hybridized Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri) remaining in the 68 

western U.S. (Gresswell and Varley 1988) and represents 89% of historical lacustrine 69 

habitat currently occupied by the species (Gresswell 2009).  Yellowstone cutthroat trout is 70 

considered a keystone species in the Greater Yellowstone Ecosystem, with 4 mammal and 71 

16 bird species documented consuming Yellowstone cutthroat trout (Bergum et al. 2017).  72 

Yellowstone cutthroat trout abundance declined substantially following the establishment 73 

of lake trout in Yellowstone Lake.  For example, the number of spawning Yellowstone 74 

cutthroat trout counted at the Clear Creek weir declined from 55,000 individuals in 1987 to 75 

500 in 2007 (Koel et al. 2012).  The decline in Yellowstone cutthroat trout abundance 76 

resulted in a four-level trophic cascade (Tronstad et al. 2010) and disruption of trophic 77 

linkages across aquatic-terrestrial boundaries in the Yellowstone Lake basin (Koel et al. 78 

2019).  79 

A lake trout suppression program was initiated in Yellowstone Lake in response to lake 80 
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trout detection for the purpose of decreasing predation on Yellowstone cutthroat trout and 81 

reversing their decline (McIntyre 1995; Ruzycki et al. 2003).  The removal of lake trout was 82 

initiated in 1995 with limited gillnet effort intended mostly to assess population characteristics.  83 

In 1998, gillnet effort was increased for the purpose of maximizing lake trout harvest (Syslo et 84 

al. 2011).  The first assessment of the lake trout population included data collected through 2009 85 

and determined that lake trout abundance was increasing despite more than a decade of 86 

suppression efforts (Syslo et al. 2011). The study used a stochastic forecasting model to predict 87 

the increase in fishing effort that would be required to reduce the lake trout population growth 88 

below replacement.  The model used age-0 and age-1 survival rates from the native range of lake 89 

trout and predicted that abundance would decline if total annual mortality exceeded 0.39 (Syslo 90 

et al. 2011).  Since the initial assessment was completed, annual suppression effort levels and 91 

lake trout removals have increased, far surpassing the targets recommended in 2011.  92 

 Additional years of harvest data from lake trout suppression along with data availability 93 

from an assessment program initiated by the U.S. National Park Service prompted a new stock 94 

assessment of the lake trout population in Yellowstone Lake and an opportunity to evaluate the 95 

assumption that pre-recruit survival was commensurate with estimates from the native range of 96 

lake trout.  The new stock assessment used data from the lake trout suppression and assessment 97 

programs spanning 1998-2018 to estimate abundance and mortality of lake trout in Yellowstone 98 

Lake.  Age-2 abundance and spawning stock biomass estimates from the assessment model were 99 

used to quantify the stock-recruitment relationship for the lake trout population and the 100 

uncertainty in stock-recruitment function parameter estimates.  Stock-recruitment parameter 101 

estimates were then used with parameter estimates from the stock assessment model to forecast 102 
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the response of the lake trout population to future suppression efforts.  The long-term data 103 

available from the 20+ year suppression program for lake trout in Yellowstone Lake provided a 104 

unique opportunity to examine stock-recruitment dynamics for a non-native lake trout 105 

population.  In-depth examination of lake trout stock-recruitment dynamics in Yellowstone Lake 106 

was not possible in earlier analyses because of limited data available for assessment modeling.   107 

Materials and Methods 108 

Study Area 109 

Yellowstone Lake is at an elevation of 2,357 m and has a surface area of 34,020 ha, 110 

shoreline distance of 239 km, mean depth of 48.5 m, and maximum depth of 133 m (Morgan et 111 

al. 2003). The lake is typically ice covered from mid-December until late May or early June. The 112 

lake thermally stratifies from late July into September, with summer surface water temperatures 113 

reaching 17° C and a thermocline at approximately 15 m deep (Koel et al. 2007). The lake is 114 

considered oligo-mesotrophic (Theriot et al. 1997), with diatoms dominating the phytoplankton 115 

assemblage throughout the year (Benson 1961; Tronstad et al. 2010). The zooplankton 116 

community consists primarily of the rotifer Conochilus unicornis, Copepoda Diaptomus spp. and 117 

Cyclops spp., and Cladocera Daphnia spp. (Benson 1961). The fish assemblage is relatively 118 

simple; it consists of two native species, Yellowstone cutthroat trout and longnose dace 119 

(Rhinichthys cataractae), and three introduced species in addition to lake trout, longnose sucker 120 

(Catostomus catostomus), redside shiner (Richardsonius balteatus), and lake chub (Couesius 121 

plumbeus; Gresswell and Varley 1988). 122 

 123 

Assessment Modeling 124 
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Data 125 

The SCAA assessment model for the lake trout population in Yellowstone Lake used 126 

three data sources: 1) total harvest (in number) and harvest age composition of the suppression 127 

gillnet program from 1998 to 2018, 2) total harvest (in number) and harvest age composition of a 128 

suppression trapnet program from 2010 to 2013, and 3) total harvest (in number) and harvest age 129 

composition of a standardized assessment gillnet program that spanned 2011 to 2018.  The 130 

suppression gillnet and trapnet programs were implemented over several months so these were 131 

treated as Type-2 fisheries.  The standardized assessment gillnet program was conducted over a 132 

much shorter time period (≈ 2 weeks); consequently, lake trout harvest from the assessment 133 

gillnet program was treated as a Type-1 fishery that occurred approximately 2/3 into the fishing 134 

season.  All lake trout captured in the standardized assessment program were harvested, which 135 

was why the program was treated as a separate fishery.  In addition to suppression netting efforts, 136 

an unverifiable amount of recreational fishing for lake trout does occur on Yellowstone Lake.  137 

The methodology for expanding the self-reported catch from anglers to total lake-wide harvest 138 

has not been assessed for accuracy since the 1970s, prior to lake trout introduction.  Estimates of 139 

lake trout harvest from the recreational fishery are considered negligible relative to the harvest 140 

from the suppression program and were not included in the assessment model.  Details on data 141 

collection and how data were processed from each of the data sources used in the SCAA model 142 

are described in Appendix A.   143 

 144 

Model Description 145 

SCAA assessment models include a process component that predicts abundance-at-age 146 

for the modeled population and an observation component that predicts fishery and survey 147 
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harvest or catch-at-age conditional on the predicted abundance-at-age.  SCAA models produce 148 

estimates of the underlying dynamics of the population and the fisheries that exploit the 149 

population, which subsequently can be used to forecast consequences to a population of different 150 

harvest or suppression strategies.  The lake trout SCAA model for Yellowstone Lake covered the 151 

time period from 1998 to 2018 and included fish from age 2 (age of recruitment to the gear) to 152 

age 17.  The age-17 age class was an aggregate group that included all fish age 17 and older.  153 

Definitions of parameters and variables used in the equations for the population and observation 154 

submodels are presented in Table 1.   155 

Annual abundances of age-2 lake trout  (i.e., annual recruitment) were estimated in the 156 

SCAA model as the product of a mean recruitment level and multiplicative annual recruitment 157 

deviations 158 

(1) 𝑁𝑁𝑦𝑦,2 = 𝑅𝑅�exp�𝛿𝛿𝑦𝑦𝑅𝑅�          159 

with the annual recruitment deviations constrained to sum to 0.  Age-3 to age-17 abundances in 160 

the first modeled year (1998) were estimated as freely-varying parameters.  Abundances at age 161 

for the remaining years were predicted using an exponential population model.  Because we 162 

needed to account for a pulse of mortality associated with the assessment gillnet program, we 163 

divided the year into two parts 164 

(2) 𝑁̇𝑁𝑦𝑦,𝑎𝑎 = 𝑁𝑁𝑦𝑦,𝑎𝑎exp�−0.68 ∙ 𝑍𝑍𝑦𝑦,𝑎𝑎� 165 

where 𝑁̇𝑁𝑦𝑦,𝑎𝑎 is the predicted abundance at age 68% into the completion of the fishing season and 166 

immediately prior to when the assessment program is conducted.  The abundance the following 167 

year at the next age was then calculated after accounting for the pulse of mortality from the 168 

assessment gillnet (AG) program and allowing for the remainder of the mortality for the current 169 
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year to occur   170 

(3) 𝑁̈𝑁𝑦𝑦,𝑎𝑎 = 𝑁̇𝑁𝑦𝑦,𝑎𝑎exp�−𝐹𝐹𝑦𝑦,𝑎𝑎
𝐴𝐴𝐴𝐴� 171 

(4) 𝑁𝑁𝑦𝑦+1,𝑎𝑎+1 = 𝑁̈𝑁𝑦𝑦,𝑎𝑎exp�−0.32 ∙ 𝑍𝑍𝑦𝑦,𝑎𝑎�. 172 

Total annual instantaneous mortality excluding the assessment gillnet fishing mortality 173 

was partitioned into natural causes, suppression trapnet (ST) fishing mortality, and suppression 174 

gillnet (SG) fishing mortality  175 

(5) 𝑍𝑍𝑦𝑦,𝑎𝑎 = 𝑀𝑀𝑎𝑎 + ∑ 𝐹𝐹𝑦𝑦,𝑎𝑎
𝑓𝑓

𝑓𝑓    for f = SG and AG. 176 

Age-specific instantaneous natural mortalities were assumed quantities as it can be difficult to 177 

estimate these parameters because of confounding with other mortality sources (Hilborn and 178 

Walters 1992; Quinn and Deriso 1999).  Age-2 M was set equal to 0.25 based on lake trout in 179 

Lake Superior (Sitar et al. 1999).  Age-3 to age-17 M was set equal to 0.16 based on Pauly 180 

(1980) and the observed growth rate of lake trout in Yellowstone Lake and the mean annual 181 

water temperature for lake trout in the lake (5.1°C; Syslo et al. 2011).    182 

Fishing mortalities for the assessment and suppression programs were assumed to be 183 

products of fishing effort levels, age- and potentially year-specific selectivities (i.e., 184 

vulnerabilities), and year-specific (assessment and suppression gill netting) or constant 185 

(suppression trap netting) catchabilities.   186 

(6) 𝐹𝐹𝑦𝑦,𝑎𝑎
𝑆𝑆𝑆𝑆 = 𝑞𝑞𝑦𝑦𝑆𝑆𝑆𝑆𝑠𝑠𝑦𝑦,𝑎𝑎

𝑆𝑆𝑆𝑆𝐸𝐸𝑦𝑦𝑆𝑆𝑆𝑆    for y ≥ 1998  187 

(7) 𝐹𝐹𝑦𝑦,𝑎𝑎
𝑆𝑆𝑆𝑆 = 𝑞𝑞𝑆𝑆𝑆𝑆𝑠𝑠𝑎𝑎𝑆𝑆𝑆𝑆𝐸𝐸𝑦𝑦𝑆𝑆𝑆𝑆   for  2010 ≤  y ≤ 2013 188 

(8) 𝐹𝐹𝑦𝑦,𝑎𝑎
𝐴𝐴𝐴𝐴 = 𝑞𝑞𝑦𝑦𝐴𝐴𝐴𝐴𝑠𝑠𝑎𝑎𝐴𝐴𝐴𝐴𝐸𝐸𝑦𝑦𝐴𝐴𝐴𝐴   for  y ≥ 2011. 189 

A model-selection process was used to identify whether asymptotic (i.e., logistic function) or 190 

dome-shaped (i.e., gamma function) selectivity functions were most appropriate for the 191 
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suppression and assessment gill nets and whether suppression gillnet selectivities should be time 192 

varying (see Model-Based Evaluation of Selectivities section) given changes in average mesh 193 

size through time (Appendix A).  The age-specific selectivities for suppression trap nets were 194 

estimated as a logistic function of age, with the underlying coefficients of the logistic function 195 

among the parameters estimated in the SCAA model.  The logistic function that was used was 196 

from Haddon (2011) 197 

(9) 𝑠𝑠𝑎𝑎𝑆𝑆𝑆𝑆 = 1

1+exp�−log𝑒𝑒[19]∙
𝑎𝑎−𝑎𝑎50

𝑆𝑆𝑆𝑆

𝑎𝑎95
𝑆𝑆𝑇𝑇−𝑎𝑎50

𝑆𝑆𝑆𝑆�
 198 

where 𝑎𝑎50𝑆𝑆𝑆𝑆 is the age at which selectivity is 50% and 𝑎𝑎95𝑆𝑆𝑆𝑆 is the age at which selectivity is 95%.   199 

For suppression and assessment gill netting, annual catchabilities were estimated as the 200 

product of mean catchabilities and multiplicative annual catchability deviations with the annual 201 

catchability deviations constrained to sum to 0.  To account for changes in the operation of the 202 

suppression gillnet fishery, including the addition of specialized boats for setting gillnets and an 203 

increase in average soak time, separate mean catchabilities were assumed for the years of 1998 to 204 

2000 and 2001 to 2018 205 

(10)  𝑞𝑞𝑦𝑦𝑆𝑆𝑆𝑆 = 𝑞𝑞�1𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒�𝛿𝛿𝑦𝑦𝑆𝑆𝑆𝑆� for 1998 ≤  y ≤ 2000 206 

(11)  𝑞𝑞𝑦𝑦𝑆𝑆𝑆𝑆 = 𝑞𝑞�2𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒�𝛿𝛿𝑦𝑦𝑆𝑆𝑆𝑆� for 2001 ≤  y ≤ 2018. 207 

For assessment gill netting, a single mean catchability was assumed for the duration of the 208 

program 209 

(12)  𝑞𝑞𝑦𝑦𝐴𝐴𝐴𝐴 = 𝑞𝑞�𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒�𝛿𝛿𝑦𝑦𝐴𝐴𝐴𝐴� for 2011 ≤  y ≤ 2018. 210 

Estimated age-specific harvests for suppression gillnet and trapnet programs were 211 

calculated annually using the Baranov catch equation 212 
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(13) 𝐻𝐻�𝑦𝑦,𝑎𝑎
𝑓𝑓 =

0.68∙𝐹𝐹𝑦𝑦,𝑎𝑎
𝑓𝑓

0.68∙𝑍𝑍𝑦𝑦,𝑎𝑎
𝑁𝑁𝑦𝑦,𝑎𝑎�1 − exp�−0.68 ∙ 𝑍𝑍𝑦𝑦,𝑎𝑎�� +

0.32∙𝐹𝐹𝑦𝑦,𝑎𝑎
𝑓𝑓

0.32∙𝑍𝑍𝑦𝑦,𝑎𝑎
𝑁̈𝑁𝑦𝑦,𝑎𝑎exp�1− exp�−0.32 ∙ 𝑍𝑍𝑦𝑦,𝑎𝑎��  213 

for f = SG and ST. 214 

Because the assessment gillnet program was treated as a Type-1 fishery, age-specific harvest for 215 

assessment gill netting was calculated as  216 

(14) 𝐻𝐻�𝑦𝑦,𝑎𝑎
𝐴𝐴𝐴𝐴 = 𝑁̇𝑁𝑦𝑦,𝑎𝑎�1 − exp�−𝐹𝐹𝑦𝑦,𝑎𝑎

𝐴𝐴𝐴𝐴��. 217 

Total annual harvests for the respective fisheries were calculated by summing age-specific 218 

harvests 219 

(15) 𝐻𝐻�𝑦𝑦
𝑓𝑓 = ∑ 𝐻𝐻�𝑦𝑦,𝑎𝑎

𝑓𝑓
𝑎𝑎     for f = SG, ST, and AT 220 

while age composition of the harvest was calculated by dividing age-specific harvest by total 221 

harvest  222 

(16) 𝑃𝑃�𝑦𝑦,𝑎𝑎
𝑓𝑓 = 𝐻𝐻�𝑦𝑦,𝑎𝑎

𝑓𝑓 𝐻𝐻�𝑦𝑦
𝑓𝑓�     for f = SG, ST, and AT. 223 

Several other demographics of the lake trout population in Yellowstone Lake were 224 

calculated as part of the SCAA assessment model for either reporting purposes or for use in the 225 

forecasting model.  These included total biomass of the population 226 

(17) 𝐵𝐵𝑦𝑦 = ∑ 𝑁𝑁𝑦𝑦,𝑎𝑎𝑊𝑊𝑦𝑦,𝑎𝑎𝑎𝑎 , 227 

annual total yield from the combined fisheries 228 

(18) 𝑌𝑌𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇 = ∑ ∑ 𝐻𝐻�𝑦𝑦,𝑎𝑎
𝑓𝑓

𝑎𝑎 𝑊𝑊𝑦𝑦,𝑎𝑎𝑓𝑓 , 229 

and yield for fish age-6 and older from the combined fisheries    230 

(19) 𝑌𝑌𝑦𝑦6+ = ∑ ∑ 𝐻𝐻�𝑦𝑦,𝑎𝑎
𝑓𝑓

𝑎𝑎≥6 𝑊𝑊𝑦𝑦,𝑎𝑎𝑓𝑓 . 231 

Estimated total yield and yield for fish age-6 and older were compared to the thresholds of 0.5 232 

and 1.0 kg⸱ha-1⸱yr-1 that were recommended as upper limits by Healy (1978) and Martin and 233 
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Olver (1980) to avoid collapse for lake trout populations in the native range. 234 

Spawning stock biomass as indexed by the expected number of eggs produced by 235 

sexually mature females was also calculated in the SCAA model; this was calculated as the 236 

product of abundance at age after assessment gill netting had been completed, weight at age, 237 

percent maturity at age, number of eggs produced per kilogram of body weight at age, and an 238 

assumption of a 1:1 female-to-male sex ratio in the population summed over all ages 239 

(20) 𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦 = ∑ 0.5 ∙ 𝑁̈𝑁𝑦𝑦,𝑎𝑎𝑊𝑊𝑦𝑦,𝑎𝑎𝑚𝑚𝑦𝑦,𝑎𝑎𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦,𝑎𝑎𝑎𝑎  240 

Descriptions of how weight-at-age, percent maturity-at-age, and number of eggs produced per 241 

kilogram of body-weight-at-age were calculated are provided in the Appendix.   242 

The SCAA model was programmed in AD Model Builder version 12.0 (Fournier et al. 243 

2012).  We used a Bayesian-based estimation approach, whereby the point estimates of model 244 

parameters were highest posterior density estimates (Schnute 1994).  More specifically, we 245 

defined an objective function equal to the negative log-posterior (ignoring some constants) and 246 

used a quasi-Newton optimization algorithm to numerically search for the parameter estimates 247 

that minimized the objective function (Fournier et al 2012).  The model was considered to have 248 

converged on a solution when the maximum gradient of the parameters with respect to the 249 

objective function was less than 1.0×10-4, which is the default in AD Model Builder.  250 

Uncertainty was characterized by the full posterior probabilities for the estimated parameters and 251 

derived variables. 252 

The objective function consisted of the sum of both negative log-likelihood and negative 253 

log-prior components.  Lognormal distributions were assumed for the negative log-likelihoods 254 

for suppression (T.2.1; Table 2) and assessment gillnet (T.2.2; Table 2) and suppression trapnet 255 
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(T.2.3; Table 2) total harvest.  Multinomial distributions were assumed for the negative log 256 

likelihoods for the harvest age compositions (T.2.4-T.2.6; Table 2). Lognormal distributions 257 

were also assumed for negative log-priors for the recruitment (T.2.7; Table 2) and suppression 258 

(T.2.8; Table 2) and assessment gillnet (T.2.9; Table 2) catchability deviations.  All other 259 

estimated parameters of the SCAA model were assigned uniform (on a loge scale) priors with 260 

diffuse upper and lower bounds (Table 1).   261 

The standard deviations for the lognormal negative log-likelihood components for the 262 

suppression (𝜎𝜎𝑆𝑆𝑆𝑆) and assessment (𝜎𝜎𝐴𝐴𝐴𝐴) gillnet total harvests were among the estimated 263 

parameters in the SCAA model.  Multiple standard deviations can be difficult to estimate in 264 

SCAA models, often requiring assumptions to be made for the relative values of standard 265 

deviations for different data sources (Fielder and Bence 2014).  The estimated standard deviation 266 

for the lognormal negative log-likelihood component for assessment gillnet total harvest was 267 

assumed to be the standard deviation for the negative log-likelihood component for suppression 268 

trapnet total harvest (i.e., 𝜎𝜎𝐴𝐴𝐴𝐴 = 𝜎𝜎𝑆𝑆𝑆𝑆).  The estimated standard deviation for the lognormal 269 

negative log-likelihood component for assessment gillnet total harvest was also assumed to be 270 

the standard deviation for the lognormal negative log-prior for the assessment gillnet catchability 271 

deviation (i.e., 𝜎𝜎𝐴𝐴𝐴𝐴 = 𝜎𝜎𝛿𝛿𝐴𝐴𝐴𝐴).  Likewise, the estimated standard deviation for the lognormal 272 

negative log-likelihood component for suppression gillnet total harvest was assumed to be the 273 

standard deviation for the lognormal negative log-prior for the suppression gillnet catchability 274 

deviation (i.e., 𝜎𝜎𝑆𝑆𝑆𝑆 = 𝜎𝜎𝛿𝛿𝑆𝑆𝑆𝑆). Thus, we assumed that interannual variation in catchability was of 275 

similar magnitude to the observation error for catch.  The standard deviation for the lognormal 276 

prior probability distribution for the annual recruitments deviations was set at 4.0, which was 277 
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intended to result in a weakly informative prior on the deviations that would nevertheless 278 

constrain the deviations to being close to 0 in the absence of a strong signal.  Effective sample 279 

sizes for the multinomial distributions for the harvest age compositions were the number of fish 280 

aged each year up to a maximum of 100 fish (Brenden et al. 2011; Tsehaye et al. 2014).   281 

To assess uncertainty associated with parameter estimates and derived variables from the 282 

SCAA model, posterior probability distributions were obtained by Markov chain Monte Carlo 283 

(MCMC) simulations through a Metropolis–Hastings algorithm in AD Model Builder (Fournier 284 

et al. 2012). The MCMC chain was run for 1 million steps sampling every 100th step. The 285 

scaling period that the algorithm used to optimize the acceptance rate for the MCMC chain was 286 

set at 500,000 steps.  The initial 5,000 saved steps were discarded as a burn-in.  Convergence of 287 

the MCMC chain was evaluated by constructing trace plots for each estimated parameter and 288 

derived variable and by using Z-score tests to evaluate differences between the means of the first 289 

10% and last 50% of the saved chain (Geweke 1992).  All MCMC chain convergence 290 

diagnostics were conducted in R (R Development Core Team 2019) using the “coda” package 291 

(Plummer et al. 2006). 292 

 293 

Model-Based Evaluation of Selectivities 294 

 Because of uncertainty as to the underlying shape of the selectivity curves for 295 

suppression and assessment gillnet programs and whether suppression gillnet selectivity should 296 

be time varying considering changes in net configurations over time, we conducted a model-297 

based evaluation of selectivity functions for the gillnet fisheries.  Evaluations of selectivity 298 

functions were based on deviance information criteria (DIC) (Spiegelhalter et al. 2002), where 299 
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the model with the lowest DIC was selected.  Models were also evaluated based on patterns of 300 

retrospectivity.  Retrospective analysis involves refitting the SCAA model after deleting recent 301 

years of observation and examining whether model predictions exhibit systematic biases in 302 

parameter estimates or model predictions.  The retrospective analysis involved deleting 303 

observations as far back as 2013 and we mainly looked for systematic biases in total abundance 304 

estimates since this is the main performance benchmark used to evaluate success of the 305 

suppression program and to decide what future suppression effort will be.     306 

Two different selectivity functions were evaluated for the gillnet fisheries.  The first 307 

function was a logistic function, like what was used for the assessment trapnet fishery (Equation 308 

9) 309 

(21) 𝑠𝑠𝑎𝑎
𝑓𝑓 = 1

1+exp�−log𝑒𝑒[19]∙
𝑎𝑎−𝑎𝑎50

𝑓𝑓

𝑎𝑎95
𝑓𝑓 −𝑎𝑎50

𝑓𝑓 �
  for f = SG and AG 310 

The second function was a gamma function 311 

(22) 𝑠𝑠𝑎𝑎
𝑓𝑓 = 𝑎𝑎𝛾𝛾

𝑓𝑓
exp�−𝜃𝜃𝑓𝑓𝑎𝑎�

𝑠𝑠10
𝑓𝑓    for f = SG and AG 312 

where the γ and θ  are gamma function parameters.  The denominator in Equation 22 denotes the 313 

values that would be obtained in the numerator at age 10, which served to scale the selectivity 314 

values to a reference age. 315 

 After distinguishing which selectivity function provided the best fit based on DIC values 316 

and/or had no retrospective issues, we then evaluated whether the observed data supported using 317 

time-varying selectivities for the suppression gillnet program.  Time-varying selectivities were 318 

accounted for by modeling selectivity parameters as a linear (on a loge scale) function of the 319 

weighted average mesh size of the gill nets that were fished annually.  The logistic function 320 
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outperformed the gamma function (see Results below), therefore this approach for modeling 321 

time-varying selectivities consisted of the following equations 322 

(23) 𝑎𝑎50𝑦𝑦
𝑆𝑆𝑆𝑆 = exp �𝛽𝛽0

𝑎𝑎50 
𝑆𝑆𝑆𝑆

+ 𝛽𝛽1
𝑎𝑎50 
𝑆𝑆𝑆𝑆

𝑀𝑀𝑀𝑀𝑀𝑀ℎ�������𝑦𝑦� 323 

(24) 𝑎𝑎95𝑦𝑦
𝑆𝑆𝑆𝑆 = exp �𝛽𝛽0

𝑎𝑎95 
𝑆𝑆𝑆𝑆

+ 𝛽𝛽1
𝑎𝑎95 
𝑆𝑆𝑆𝑆

𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑦𝑦���������� 324 

where β0 and β1  were parameters estimated as part of the SCAA model fitting process.   325 

Annual selectivities for the suppression gillnet program were then calculated as 326 

(25) 𝑠𝑠𝑦𝑦,𝑎𝑎
𝑆𝑆𝑆𝑆 = 1

1+exp�−log𝑒𝑒[19]∙
𝑎𝑎−𝑎𝑎50𝑦𝑦

𝑆𝑆𝑆𝑆

𝑎𝑎95𝑦𝑦
𝑆𝑆𝑆𝑆 −𝑎𝑎50𝑦𝑦

𝑆𝑆𝑆𝑆 �
 . 327 

 328 

Stock-recruitment estimation and uncertainty 329 

 A linearized Ricker-stock recruit function was fit to the highest posterior density estimate 330 

of the time series of age-2 lake trout abundances in year y and the estimates of spawning stock 331 

biomass (i.e., number of spawned eggs) that produced these recruits two years previously 332 

(26) log𝑒𝑒 �
𝑁𝑁𝑦𝑦,2

𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦−2
� = log𝑒𝑒(𝛼𝛼) − 𝛽𝛽 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦−2 + 𝜀𝜀𝑦𝑦             𝜀𝜀𝑦𝑦~𝑁𝑁(0,𝜎𝜎𝑅𝑅).     333 

The α estimate was corrected to account for bias stemming from linearization (Quinn and Deriso 334 

1999).  Uncertainty in the fitted stock recruitment relationship was determined by obtaining the 335 

age-2 lake trout abundances and estimates of spawning stock biomass that resulted from the 336 

MCMC simulation of the SCAA model and fitting the linearized Ricker stock-recruit function 337 

described in Equation 26 to each set of saved values.  MCMC chain diagnostics for the resulting 338 

set of stock-recruit parameter estimates were assessed using the same approaches previously 339 

described (i.e., trace plots, Z score tests).  Resulting stock-recruitment functions were converted 340 
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to estimates of pre-recruit (i.e., age-0 and age-1) survival by dividing predicted recruitment by 341 

the corresponding number of eggs producing that recruitment over the range of egg abundances 342 

estimated for 1998 through 2018 in Yellowstone Lake.  The estimate of pre-recruit survival for 343 

Yellowstone Lake was compared to the product of available survival estimates for age-0 (0.0043; 344 

Shuter et al. 1998) and age-1 (0.45; Sitar et al. 1999) lake trout from the native range.  345 

 346 

Forecasting Model 347 

 A female-based Leslie matrix model was used to predict the response of the lake trout 348 

population in Yellowstone Lake to future suppression gillnet effort levels (Caswell 2001; Syslo 349 

et al. 2011). The forecasting model generated 25-year projections of lake trout abundance 350 

assuming gillnet suppression levels varying from 0 to 125 000 100-m net nights in 5 000 100-m 351 

net night increments (i.e., 26 simulated suppression effort scenarios).  Suppression trapnetting 352 

was not considered in the forecasting model as this method of control was discontinued in the 353 

actual suppression program in favor of gill netting.  We also did not incorporate assessment 354 

netting in the simulation model because it is a negligible source of mortality for the actual 355 

population (see Results). The forecasting model was parameterized using results from the SCAA 356 

model, requiring the assumption that the average gillnet configuration used during 1998-2018 357 

would be applied into the future.  358 

The first two years of the projection model were initialized using abundances, age 359 

compositions, spawning stock biomass estimates, and observed gillnet suppression effort levels 360 

from the last two years (i.e., 2017 and 2018) of the SCAA model accounting for uncertainty in 361 

these model estimates.  Initial abundances in the forecasting model were randomly generated 362 
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from normal distributions using the 2017 and 2018 total abundance estimates and their 363 

associated standard errors from the SCAA assessment model.  Initial age compositions for the 364 

simulations were randomly selected from the saved MCMC chain values for the 2017 and 2018 365 

age compositions from the SCAA assessment model.  Annual recruitment levels were generated 366 

from Ricker stock-recruit functions using values selected from the set of stock-recruit parameter 367 

estimates obtained from the MCMC process described in the Stock-Recruitment Estimation and 368 

Uncertainty section.  Initial years of recruitment (i.e., 2019 and 2020) were based on randomly 369 

selected values from the saved MCMC chain values for the 2017 and 2018 spawning stock 370 

biomass estimates from the SCAA assessment model.  Recruitments in later years were 371 

generated from spawning stock biomass levels calculated using the forecasted population 372 

conditions for that simulation run and equation 20 (see below).  Abundance at age in the 373 

simulation model was forecasted assuming the same natural mortality rates that were used in the 374 

SCAA model and suppression gillnet fishing mortality levels that depended on the suppression 375 

effort scenario being evaluated.  Age-specific fishing mortality levels resulting from a particular 376 

suppression gillnet effort level were determined by randomly generating catchability from a 377 

normal distribution and logistic selectivity function coefficients from a multivariate normal 378 

distribution with mean and variance-covariance values equal to the estimates obtained from the 379 

SCAA assessment model.  Instantaneous natural mortality for ages 3 and greater was generated 380 

using the meta-analysis of Pauly (1980), which predicted M as a function of mean annual 381 

environmental water temperature and a set of von Bertalanffy growth parameters (mean t0 = 382 

0.68; mean k = 0.13, mean L∞ = 862 mm) that were randomly generated from a multivariate 383 

normal distribution.  The von Bertalanffy growth parameters were also used to predict mean 384 
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length-at-age in each simulation.  Coefficients for models predicting weight-at length, 385 

probability of maturity at length, and fecundity-at-weight (Appendix A) were generated from 386 

multivariate normal distributions and used in equation 20 to calculate spawning stock biomass.  387 

Each simulated suppression gillnet effort scenario was repeated 1 000 times to 388 

account for uncertainty in estimates of model parameters and initial abundances.  For each 389 

iteration, new sets of initial abundances, initial age compositions, initial spawning stock 390 

biomass levels, stock-recruit coefficients, suppression gillnet catchabilities and 391 

selectivities, and life history characteristics (growth, length-weight relationships, 392 

maturation relationships, weight-fecundity relationships) were randomly generated from 393 

assumed distribution or by random selection from saved MCMC chains.  The effects of 394 

different suppression gillnet effort levels were evaluated based on projected changes in 395 

total abundance and biomass through time.  To address the feasibility of near-term 396 

objectives for the suppression program, we calculated the probability that abundance and 397 

biomass would be suppressed to less than 2018 abundance and biomass levels, less than 398 

50% of 2018 abundance and biomass levels, and less than 100 000 fish (or the 399 

corresponding biomass) through 5 and 10 year periods at the different suppression effort 400 

levels.  An additional set of simulations was performed to determine the minimum level of 401 

suppression gillnet effort level required each year to maintain the population below 100 402 

000 fish once this target level was achieved.  For these scenarios, 95 000 units of effort 403 

were implemented until the population declined below 100 000 individuals and each of the 404 

25 simulated suppression effort scenarios were implemented thereafter.  Variation in 405 
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simulation results was summarized with 90% confidence intervals for abundance and the 406 

effort levels and time frames resulting in a 90% probability of suppression were reported. 407 

 408 

Results 409 

  Suppression gillnet effort (1 unit = 100 m of net set for 1 night) increased from 1 410 

447 units in 1998 to 28 327 units in 2007 and declined to 16 425 units in 2008 and 18 873 411 

units in 2009 (Figure 1). Gillnet effort increased slightly to 28 114 units in 2010 and 26 412 

777 units in 2011. Gillnet effort increased more than three-fold from 2011 through 2018, 413 

when 97 397 units of effort were deployed. Trap net effort was 272 nights in 2010 and 414 

varied from 775 – 880 nights from 2011 – 2013.  A total of 2 940 844 lake trout older than 415 

age-2 were harvested from all fisheries combined from 1998 through 2018. Suppression 416 

gill nets accounted for 98.8% (2 905 001 fish) of the harvest, followed by suppression trap 417 

nets (32 773 fish), and assessment gill nets (3 070 fish). The number of lake trout harvested 418 

using suppression gill nets increased from 7 659 in 1998 to 396 205 in 2017; suppression 419 

gillnet harvest declined in 2018 to 289 722 despite an increase in fishing effort that year 420 

(Figure 1).  421 

 422 

SCAA Model 423 

  The SCAA model that assumed a logistic selectivity function for the suppression 424 

and assessment gillnet fisheries had a lower DIC (574.68) than the model that assumed a 425 

gamma selectivity function (590.60). Although the model that included a time-varying 426 

logistic selectivity for suppression gillnetting had a lower DIC (435.60) than the model that 427 
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assumed a constant selectivity for suppression gillnetting, the model with time-varying 428 

selectivities exhibited a severe retrospective pattern, with terminal year abundances 429 

typically overestimated by 200 to 300 thousand lake trout compared to when abundances 430 

were estimated for that year with added data (Figure 2).  The constant selectivity model did 431 

not exhibit a retrospective pattern in terminal year abundance estimates (Figure 2); 432 

consequently, we elected to use the constant selectivity to assess the lake trout population.   433 

SCAA model estimates of harvest, CPUE, and mean age matched observed 434 

temporal patterns well for all three fisheries (Figure 3).  Model estimates of trapnet harvest 435 

and mean age of trapnet harvest exhibited a somewhat poorer fit to observed data 436 

compared to the other two fisheries, likely as a consequence of the trapnet fishery being 437 

assumed to have a constant catchability.  438 

  Total (age 2 and older) abundance at the beginning of the year estimated from the 439 

SCAA model increased from 99 716 (82 372 – 120 551; 95% CI) lake trout in 1998 to 922 440 

960 (759 050 – 1 123 690) lake trout in 2012 (Figure 4a).  Total abundance varied from 441 

approximately 770 000 to 870 000 lake trout from 2013 through 2017 and declined to 628 442 

203 (456 599 – 868 792) lake trout at the beginning of 2018.  Total abundance at the end of 443 

the year increased from 76 548 lake trout in 1998 to 479 120 lake trout in 2012 and 444 

declined to 240 249 lake trout in 2018. Comparison of abundances between the beginning 445 

and end of the year indicated that 23% of total abundance was removed by natural and 446 

fishing mortality in 1998 and increased to 48% in 2012 and 62% in 2018 (Figure 4b).   447 

As suppression effort levels have increased, the estimated age composition of the 448 

lake trout population has shifted to predominantly younger fish.  From 1998 to 2004, age-2 449 
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fish composed between 26 and 43% of total abundance.  Conversely, from 2014 to 2018 450 

age-2 fish composed between 52 and 55% of total abundance (Figure 4c).  The fraction of 451 

the population consisting of age-6 and older lake trout declined from between 9 and 26% in 452 

1998-2004 to between 2 and 5% in 2014-2018.  Population biomass at the beginning of the 453 

year increased from 46 832 kg (35 850 – 60 932 kg) in 1998 to 426 937 kg (341 846 – 528 454 

155 kg) in 2012, before steadily declining to 232 000 kg (165 865 – 320 456 kg) in 2018 455 

(Figure 4d).  456 

  Estimated total yield increased gradually from 0.10 kg ⸱ ha-1(0.07 – 0.15 kg ⸱ ha-1; 457 

95% CI) in 1998 to 2.26 kg ⸱ ha-1(1.54 – 2.94 kg ⸱ ha-1) in 2010 (Figure 5). The 458 

implementation of suppression trapnetting and an increase in suppression gillnet effort 459 

sharply increased annual yields after 2010.  Estimated total yield peaked at 5.60 kg ⸱ ha-1 460 

(3.82 – 7.24 kg ⸱ ha-1) in 2013 before declining to 3.89 (2.79 – 5.45) in 2018 despite an 461 

increase in gillnet effort.  Estimated yield of lake trout age-6 and older increased from 0.06 462 

kg ⸱ ha-1 (0.03 – 0.09 kg ⸱ ha-1) in 1998 to a peak of 1.86 kg ⸱ ha-1 (1.24 – 2.45 kg ⸱ ha-1) in 463 

2012 and declined to 0.58 kg ⸱ ha-1 (0.34 – 0.93 kg ⸱ ha-1) in 2018.   464 

  Total instantaneous fishing mortality for all methods combined increased from 0.09 465 

(0.05 – 0.13; 95% CI) in 1998 to 1.13 (0.72-1.53) in 2018 (Figure 6a).  Assuming a 466 

constant rate of M = 0.16, total annual mortality for fully selected ages was 0.25 (0.19-467 

0.25) in 1998, 0.59 (0.52-0.68) in 2012, and peaked at 0.72 (0.58-0.81).  The exploitation 468 

rate for fully selected ages was 0.08 (0.05-0.11) in 1998, increased to 0.49 (0.40-0.58) in 469 

2012 when positive population growth ceased, and continued to increase to an exploitation 470 

rate of 0.63 in 2017 (0.51-0.70) and 2018 (0.50-0.74).  Suppression gillnetting composed 471 
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the largest source of fishing mortality for the lake trout population (Figure 6b). The 472 

assessment gillnet F ranged from 0.0015 – 0.0020.  Suppression trapnetting F varied from 473 

0.04 (0.03 – 0.055; 95% CI) in 2010 to 0.12 (0.09 – 0.17) in 2013. Lake trout were 474 

estimated to be fully selected to the suppression gillnet fishery at age 4, the suppression 475 

trapnet fishery at age 7, and the assessment gillnet fishery at age 8 (Figure 6c).  476 

 477 

Stock-recruitment estimation and uncertainty 478 

  Estimated population fecundity increased from 6.3 million eggs (3.4 – 9.9 million in 479 

1998 to a high of 49.7 million (35.9 – 63.0 million) in 2010 and decreased to 21.5 million 480 

(14.4-34.3 million) in 2016. Estimated population fecundity declined to 14.3 million (9.3 – 481 

24.4 million) in 2017 and 9.6 million (5.3-18.5 million) in 2018; however, fecundity values 482 

for 2017 and 2018 were not used to fit the stock-recruitment relationship given the 2-year 483 

time lag to predict recruitment.  Substantial variation existed in the estimation of the stock-484 

recruitment relationship (Figure 7).  Based on the fitted stock-recruitment relationship (α = 485 

0.009, β = 2.14e-09, σ = 0.71), the lake trout population has been on the ascending limb of 486 

the stock-recruitment curve for the 1998 to 2016 year classes.  Conversion of the stock-487 

recruitment curve to an estimate of pre-recruit survival indicated that early-life survival 488 

rates varied from 0.0076 (0.004 – 0.012; 95% CI) to 0.012 (0.006 – 0.023) (Figure 7).  The 489 

survival rates estimated for Yellowstone Lake were about 4-6 times greater than the best 490 

available estimates of survival from egg to age-2 from the native range of lake trout 491 

(0.0019).  492 

 493 
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Forecasting Model 494 

  The minimum level of annual gillnet effort at which median abundance declined 495 

over a 20-year period was between 35 and 40 thousand units.  The minimum level of effort 496 

causing the upper 90% confidence limit to decline over a 20-year period was between 45 497 

and 50 thousand units (Figure 8).  At 75 thousand units of effort, median abundance 498 

declined by 84% after 5 years and 95% after 10 years.  At 100 thousand units of effort, 499 

median abundance declined by 93% after 5 years and 99% after 10 years.  Patterns in 500 

median biomass at a given level of fishing effort were generally similar to abundance; 501 

however, the 90% confidence intervals were slightly narrower. 502 

  The probability of reducing abundance below the 2018 estimate of 628 203 fish 503 

within 10 years exceeded 90% when annual fishing effort surpassed 45 thousand units of 504 

effort (Figure 9).  Annual fishing effort between 45 and 50 thousand units was required to 505 

cause at least a 90% probability of reducing biomass below the 2018 estimate.  A 90% 506 

probability of achieving a 50% reduction in abundance relative to 2018 estimates within 10 507 

years required between 55 and 60 thousand units of effort and 65 thousand units of effort 508 

were required to achieve a 50% reduction in five years.  For biomass, a 50% reduction 509 

within 10 years required between 55 and 60 thousand units and increased to 65-70 510 

thousand units for the 5-year time frame.  For a 90% probability of reducing abundance 511 

below 100 thousand fish, 70-75 thousand units of effort were required over 10 years and 512 

this increased to 95-100 thousand units for the 5-year time frame.  For a 90% probability of 513 

reducing biomass below the level equivalent to 100 thousand fish within 10 years, 75-80 514 

thousand units were required.  This increased to 95-100 thousand units for a 5-year time 515 
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frame.  Once abundance was reduced to 100 thousand fish, a sustained gillnet suppression 516 

effort of 50 -55 thousand units of effort was necessary for a greater than 90% chance of 517 

maintaining abundance at less than the target level (Figure 10).  518 

 519 

Discussion 520 

High rates of pre-recruit survival for lake trout in Yellowstone Lake appear to 521 

increase the resistance of the lake trout population to suppression efforts to reduce 522 

abundance.  The level of total annual fishing mortality (A) that halted the population 523 

increase in 2012 (A = 0.60) was 67% greater than predicted by an initial simulation study 524 

(A = 0.36 to 0.39) that relied on available age-0 and age-1 survival rates from the native 525 

range of lake trout (Syslo et al. 2011).  Accordingly, the minimum level of fishing effort 526 

required to reduce population growth to replacement was much greater than the 29 000 527 

suggested by the mean estimates of population growth rate from a stochastic forecasting 528 

model and catchability from an SCAA model in the 2011 study (Syslo et al. 2011).  The 529 

amount of effort that ultimately halted population growth in 2012 (48 220 units) was 530 

similar to the conservative recommendation of 50 315 units from the 2011 study, which 531 

was calculated using the upper 95% confidence limit for population growth rate and lower 532 

95% confidence limit for catchability but still ignored the potential for vital rates to differ 533 

from populations in the native range (Syslo et al. 2011).  Fortunately, the U.S. National 534 

Park Service was able to increase fishing effort in excess of previously published 535 

recommendations to elicit a decline in the abundance of non-native lake trout.  536 
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The high rate of pre-recruit survival for non-native lake trout in Yellowstone Lake 537 

may be an example of ecological release, wherein lake trout are no longer constrained by 538 

factors that are limiting throughout the native range.  Yellowstone Lake contains a simple 539 

fish assemblage and lake trout likely face limited predation and competition.  Interstitial 540 

egg predators such as sculpin and crayfish are an important source of mortality for juvenile 541 

lake trout in the native range (Fitzsimmons et al. 2002; Claramunt et al. 2005).  542 

Yellowstone Lake does not contain species that are known interstitial egg predators and 543 

likely does not contain any fishes that prey on fry or older lake trout life stages.  544 

Yellowstone cutthroat trout have been documented preying on cyprinids when Yellowstone 545 

cutthroat trout abundance was high (Jones et al. 1990; Benson 1961); however, a recent 546 

diet study did not find fish prey in Yellowstone cutthroat trout stomachs (Syslo et al. 547 

2016).  A recent study comparing feeding habits and growth of lake trout fry at a spawning 548 

location in Yellowstone Lake to a spawning location in Lake Champlain found that fry 549 

remained at the spawning location longer, fed at greater rates, and exhibited faster growth 550 

in Yellowstone Lake (Simard 2017).  The ability for fry to remain at the spawning site 551 

longer in Yellowstone Lake was hypothesized to be due to lack of potential predators and 552 

adequate availability of zooplankton (Simard 2017).  Lake trout are the only apex piscivore 553 

in Yellowstone Lake and face limited competition for prey.  Stable isotope analysis 554 

indicates prey consumed by lake trout are from more profundal sources relative to 555 

Yellowstone cutthroat trout (Syslo et al. 2016), indicating that interspecific competition is 556 

not likely a limiting factor for the lake trout population. 557 
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Abiotic conditions in Yellowstone Lake may also be favorable for lake trout 558 

reproduction.  Lake trout spawning in Yellowstone Lake occurs 1-2 months earlier in the 559 

year compared to some populations in the native range (Eschmeyer 1995; Simard 2017).  560 

Earlier spawning in Yellowstone Lake is likely a function of fall turnover occurring earlier 561 

in the year and could confer benefits if earlier hatching is related to increased age-0 562 

survival.  Additionally, Yellowstone Lake is in a protected pristine watershed that has not 563 

been affected by pollution stressors hypothesized to reduce embryo survival in several 564 

populations in the native range of lake trout, such as eutrophication and associated 565 

sedimentation (Dor et al. 1981; Sly and Widmer 1984).  Thus, both biotic and abiotic 566 

characteristics may be responsible for increased pre-recruit survival of lake trout in 567 

Yellowstone Lake. 568 

The comparison of pre-recruit survival between lake trout in Yellowstone Lake and 569 

populations in the native range was limited by the number of available studies in the 570 

literature.  The estimate of survival for age-0 lake trout (S0 = 0.0043; Shuter et al. 1998) 571 

was based on the average from four lakes throughout the native range that were all within 572 

the range of 0.0035 to 0.055 (Walters et al. 1980; Matuszek et al. 1990; Ferreri et al. 1995).  573 

However, the value we used for age-1 survival (S1= 0.45) in the native range was based on 574 

a single estimate from a SCAA model for lake trout in Lake Huron (Sitar et al. 1999).  Pre-575 

recruit survival in Yellowstone Lake was a function of both S0 and S1, which are 576 

multiplicative.  Thus, the conclusion that pre-recruit survival is higher in Yellowstone Lake 577 

relative to native populations appears to be robust despite the small literature sample size 578 

for S1 because the product of S0 and S1 can only be smaller than S0, and our estimates of 579 



28 
 

pre-recruit survival were still 2-3 times greater than S0 = 0.0043.  We also estimated 580 

steepness (z) from the stock-recruitment relationship for lake trout in Yellowstone Lake 581 

following Myers et al. (1999) to compare with the results of their meta-analysis describing 582 

the maximum reproductive rates of fishes.  The steepness estimate for Yellowstone Lake (z 583 

= 0.93) was greater than reported for lake trout in the meta-analysis (z = 0.86); however, 584 

the value in Myers et al. (1999) was based on a single lake trout population and variability 585 

could not be estimated.  The corresponding estimate of maximum annual reproductive rate 586 

at low population size (𝛼𝛼�) for lake trout in Yellowstone Lake was 43, 79% greater than the 587 

value from the meta-analysis (𝛼𝛼� = 24; Myers et al. 1999).  Taken together, these 588 

comparisons indicate lake trout pre-recruit survival in Yellowstone Lake is consistently 589 

higher than available estimates from the literature.    590 

An alternative hypothesis for the apparent resilience of lake trout in Yellowstone 591 

Lake to harvest is that the assessment model underestimated the abundance of large, older 592 

lake trout.  Underestimating the spawning stock biomass that produced a given recruitment 593 

would cause pre-recruit survival to be over-estimated.  Modeling selectivity as a dome-594 

shaped function of age decreases the mortality rate on older lake trout and increases the 595 

estimate of the abundance of older individuals and, thus, spawning stock biomass.  Models 596 

that included dome-shaped selectivity for the suppression gillnet fishery in Yellowstone 597 

Lake provided a poorer fit to the data than models with logistic selectivity.  Given the 598 

implementation of relatively high levels of fishing mortality as the lake trout population 599 

was expanding, the probability of many lake trout surviving to attain sizes at which they 600 
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are no longer vulnerable to the gillnet suppression fishery appears to be low in Yellowstone 601 

Lake. 602 

Our results suggest that studies evaluating the yield potential of lake trout 603 

populations throughout the native range are an inappropriate guide for lake trout 604 

suppression in Yellowstone Lake. Lake trout populations throughout the native range have 605 

declined when long-term yield exceeded the range of 0.5 – 1.0 kg⸱ha-1⸱yr-1 (Healy 1978; 606 

Martin and Olver 1980).  More recent analyses evaluating lake trout yield (kg ⸱ ha-1⸱ yr-1 ) 607 

as a function of lake surface area and productivity (Marshall 1996; Shuter et al. 1998) 608 

indicate that sustainable lake trout yield in Yellowstone Lake, is likely on the order of 0.5 609 

to 1.2 (kg ⸱ ha-1⸱ yr-1 ).  An exact calculation of yield using both productivity and area 610 

(Shuter et al. 1998) was not possible for Yellowstone Lake, however sustained yield of 611 

lake trout in Yellowstone Lake was predicted to be 0.61 kg⸱ha-1⸱yr-1 based on a model 612 

predicting yield from lake surface area for populations throughout the native range 613 

(Marshall 1996).  Estimated total yield of lake trout from Yellowstone Lake increased to 614 

5.2 kg⸱ha-1⸱yr-1 in 2012 before the population began to decline.  Recreational and 615 

commercial fisheries throughout the native range likely did not target lake trout as young 616 

as age 2.  Therefore, we also estimated yield of adult (i.e., age-6 and older) lake trout (1.8 617 

kg⸱ha-1⸱yr-1), which still greatly exceeded predictions for yield based on native populations 618 

in lakes with similar surface area to Yellowstone Lake.  We suspect abundance in 619 

Yellowstone Lake might not have declined without the harvest of age 2 - 5 lake trout and 620 

the resulting reduction in the number of individuals surviving to maturity, as simulation 621 

studies have found the harvest of both subadult and adult stages to be advantageous for the 622 
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suppression of non-native lake trout in other ecosystems (Syslo et al. 2013; Hansen et al. 623 

2019). 624 

The outcome from lake trout suppression programs in several other ecosystems will 625 

aid in determining whether additional non-native lake trout populations exhibit increased 626 

resistance to harvest or the Yellowstone Lake population is a demographic outlier.  Several 627 

studies in the last decade have modeled the potential for success in suppressing non-native 628 

lake trout population throughout the western USA (Hansen et al. 2010; Syslo et al. 2011; 629 

Cox et al. 2013; Pate et al. 2014; Ng et al. 2016; Fredenberg 2017).  Most studies have 630 

borrowed estimates of lake trout stock-recruitment parameters or early life-history survival 631 

rates from populations in the native range.  For example, a simulation study evaluating the 632 

potential for a suppression program to reduce lake trout abundance in Lake Pend Oreille, 633 

Idaho, USA, used Ricker stock-recruitment parameters for lake trout in Lake Superior, 634 

scaling the density-dependent parameter β based on habitat area (Hansen et al. 2010).  The 635 

Lake Pend Oreille simulation study predicted that lake trout suppression would cause a 636 

67% reduction in abundance within the first 10 years of the program.  In contrast to the 637 

2011 Yellowstone Lake study, the Lake Pend Oreille simulation results were validated 638 

when the observed decline in lake trout abundance closely matched the predicted results 639 

from the simulation study (Dux et al. 2019).  The rate of total annual mortality that caused 640 

lake trout abundance to decline in Lake Pend Oreille averaged 0.31 (Dux et al. 2019), 641 

which was about half the total annual mortality rate required to reduce abundance in 642 

Yellowstone Lake.  Lake Pend Oreille is a deep oligotrophic lake with limited littoral 643 

habitat and contains a more complex fish assemblage than Yellowstone Lake (Dux et al. 644 
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2019).  Thus, it is likely that the biotic and abiotic features of Lake Pend Oreille more 645 

closely resemble lakes throughout the native range of lake trout and that pre-recruit 646 

survival rates for non-native populations are dependent on characteristics of the receiving 647 

water body.   648 

 Simulations indicated lake trout abundance will continue to decline in Yellowstone 649 

Lake at the levels of fishing effort exerted in recent years.  Once abundance is reduced to 650 

the target level determined by the U.S. National Park Service, effort can be reduced to 651 

maintain constant abundance assuming the gillnet program continues to implement the 652 

same fishing techniques as in 1998 to 2018.  The minimum level of effort to keep 653 

abundance constant represents a substantial reduction relative to the level of fishing effort 654 

exerted in 2017 and 2018; however, it will continue to consume a large amount of 655 

resources through the foreseeable future.    656 

  Numerous experimental approaches for lake trout suppression have been explored 657 

to supplement gillnet removal programs by inflicting mortality on developing embryos at 658 

lake trout spawning sites in Yellowstone Lake and in other invaded ecosystems throughout 659 

the western USA.  Approaches include seismic air guns (Cox et al. 2012), electrofishing 660 

(Brown 2017), chemical and sediment application (Poole 2019), and suffocation (Thomas 661 

et al. 2019).  The aforementioned experimental approaches have produced mixed results 662 

with respect to the resulting level of mortality and the prospect for implementation at 663 

operational scales.  Deposition of lake trout carcasses at spawning sites and the ensuing 664 

hypoxia is effective at inflicting high rates of mortality on embryonic lake trout in 665 

Yellowstone Lake (Thomas et al. 2019).  However, treating all confirmed lake trout 666 
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spawning habitat in Yellowstone Lake would require more carcasses than are available and 667 

the approach may be limited to shallow spawning sites due to carcass drift (Thomas et al. 668 

2019).  Gill netting will remain the principal suppression method for lake trout in 669 

Yellowstone Lake, however, the level of effort to keep abundance constant may be lowered 670 

if effective embryo suppression alternatives are implemented to reduce pre-recruit survival 671 

of lake trout in Yellowstone Lake.  672 

  Yellowstone cutthroat trout appear to be responding to suppression efforts for lake 673 

trout in Yellowstone Lake.  Juvenile Yellowstone cutthroat trout are being detected in 674 

assessment netting after being absent for several years and spawning adults have returned 675 

to some tributary streams (Koel et al. 2019).  Total lake trout abundance remains higher 676 

than in the late 1990s when indices of Yellowstone cutthroat abundance were exhibiting 677 

the steepest decline (Koel et al. 2019).  However, the estimated abundance of lake trout in 678 

age-classes 10 and older began to decline in 2007 and was 86% lower in 2018 compared to 679 

1998.  The reduced abundance of old, large lake trout is significant given the increase in 680 

predation that occurs with age (Ruzycki et al 2003; Syslo et al. 2016) and likely reduced 681 

predation mortality on Yellowstone cutthroat trout.  Continued lake trout suppression will 682 

likely foster this nascent recovery in Yellowstone cutthroat trout abundance. 683 

  As the longest ongoing lake trout suppression project, Yellowstone Lake provided a 684 

unique opportunity to evaluate stock-recruitment dynamics for a non-native fish population 685 

and assess the implications for a large-scale suppression effort in a large water body.  The 686 

high rates of juvenile survival estimated for lake trout in Yellowstone Lake, combined with 687 

the comparatively high yield and mortality rates required to decrease abundance, support 688 
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the hypothesis that ecological release buffers the population from suppression efforts.  689 

Lake trout suppression in Yellowstone Lake illustrates difficulties associated with 690 

predicting demographic rates for non-native species and demonstrates that a cautious 691 

approach should be applied when modeling population dynamics for species outside of 692 

their native range.   693 
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Tables 913 

Table 1. Symbols used in description of statistical catch-at-age assessment, stock-914 

recruitment, and forward projection models for lake trout in Yellowstone Lake. 915 

Symbol Description Prior 

Index 

y Year (1998-2018)  

a Age class (2-17+)  

f Fishery type   

SG Suppression gillnet  

ST Suppression trapnet  

AG Assessment gillnet  

Input Data & Assumed Values 

𝐸𝐸𝑦𝑦
𝑓𝑓 Fishery-specific annual fishing effort level  

𝑀𝑀𝑎𝑎 Natural instantaneous mortality  

𝐻𝐻𝑦𝑦
𝑓𝑓 Fishery-specific total observed harvest  

𝑃𝑃𝑦𝑦,𝑎𝑎
𝑓𝑓  Fishery-specific observed harvest age composition  

𝑊𝑊𝑦𝑦,𝑎𝑎 Weight at age  

𝑚𝑚𝑦𝑦,𝑎𝑎 Percent mature at age  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦,𝑎𝑎 Number of eggs produced per kilogram of body 
weight at age 

 

𝑛𝑛𝑓𝑓 Number of years that a fishery was conducted  

𝐸𝐸𝐸𝐸𝐸𝐸 Effective sample size for the multinomial 
distributions for the harvest age compositions 

 

𝜎𝜎𝛿𝛿𝑓𝑓 Standard deviation for lognormal log-prior 
component for fishery-specific catchability annual 
deviations 

 

𝜎𝜎𝛿𝛿𝑅𝑅 Standard deviation for lognormal log-prior 
component for recruitment annual deviations 
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Parameter 

𝑅𝑅� Mean recruitment loge scale: U (0,15) 

𝛿𝛿𝑦𝑦𝑅𝑅 Recruitment annual deviations loge scale: N(0,4.0) 

𝑁𝑁1998,3 𝑡𝑡𝑡𝑡 17+ Initial year abundance at age for ages 3 to 17+ loge scale: U (0,15) 

𝑞𝑞�1𝑆𝑆𝑆𝑆 Mean suppression gillnet catchability 1998 to 2000 loge scale: U (-25,0) 

𝑞𝑞�2𝑆𝑆𝑆𝑆 Mean suppression gillnet catchability 2001 to 2018 loge scale: U (-25,0) 

𝛿𝛿𝑦𝑦𝑆𝑆𝑆𝑆 Suppression gillnet annual deviations loge scale: N(0,𝜎𝜎𝛿𝛿𝑆𝑆𝑆𝑆) 

𝑞𝑞�𝐴𝐴𝐴𝐴 Mean assessment gillnet catchability loge scale: U (-25,0) 

𝛿𝛿𝑦𝑦𝐴𝐴𝐴𝐴 Assessment gillnet annual deviations loge scale: N(0,𝜎𝜎𝛿𝛿𝐴𝐴𝐴𝐴) 

𝑞𝑞𝑆𝑆𝑆𝑆 Suppression trapnet catchability loge scale: U (-20,0) 

𝑎𝑎50
𝑓𝑓  Fishery-specific logistic function age at which 

selectivity is 50% (only parameters in SCAA models 
with constant logistic selectivities) 

loge scale: U (-5,5) 

𝑎𝑎95
𝑓𝑓  Fishery-specific logistic function age at which 

selectivity is 95% (only parameters in SCAA models 
with constant logistic selectivities) 

loge scale: U (-5,5) 

𝛾𝛾𝑓𝑓 Fishery-specific gamma function selectivity 
parameter 1 (only in SCAA models with gamma 
selectivities) 

loge scale: U (-5,5) 

𝜃𝜃𝑓𝑓 Fishery-specific gamma function selectivity 
parameter 2 (only in SCAA models with gamma 
selectivities) 

loge scale: U (-5,5) 

𝛽𝛽0
𝑎𝑎50 
𝑓𝑓

 
Intercept for relating fishery-specific logistic 
function age at which selectivity is 50% based on 
average mesh size (loge scale) (only in SCAA 
models with time-varying selectivities) 

loge scale: U (-10,10) 

𝛽𝛽1
𝑎𝑎50 
𝑓𝑓

 
Slope for relating fishery-specific logistic function 
age at which selectivity is 50% based on average 
mesh size (loge scale) (only in SCAA models with 
time-varying selectivities) 

loge scale: U (-10,10) 

𝛽𝛽0
𝑎𝑎95 
𝑓𝑓

 
Intercept for relating fishery-specific logistic 
function age at which selectivity is 95% based on 
average mesh size (loge scale) (only in SCAA 
models with time-varying selectivities) 

loge scale: U (-10,10) 
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𝛽𝛽1
𝑎𝑎95 
𝑓𝑓

 
Slope for relating fishery-specific logistic function 
age at which selectivity is 95% based on average 
mesh size (loge scale) (only in SCAA models with 
time-varying selectivities) 

loge scale: U (-10,10) 

𝜎𝜎𝑓𝑓 Standard deviation for lognormal log-likelihood 
component for fishery-specific total harvest 

loge scale: U (-10,10) 

𝛼𝛼 Intercept of linearized Ricker stock-recruit function 
(only in stock-recruit model) 

loge scale: U (-2525) 

𝛽𝛽 Slope of linearized Ricker stock-recruit function 
(only in stock-recruit model) 

loge scale: U (-100,0) 

𝜎𝜎𝑅𝑅 Standard deviation of the linear Ricker stock-recruit 
function (only in stock-recruit model) 

loge scale: U (-5,5) 

Derived Variables 

𝑁𝑁𝑦𝑦,𝑎𝑎 Abundance at the start of the year  

𝑁̇𝑁𝑦𝑦,𝑎𝑎 Abundances after 68% of total annual mortality has 
been experienced 

 

𝑁̈𝑁𝑦𝑦,𝑎𝑎 Abundance after 68% of total annual mortality has 
been experienced and after assessment gillnet 
harvest has been experienced 

 

𝐹𝐹𝑦𝑦,𝑎𝑎
𝑓𝑓  Fishery-specific instantaneous mortality  

𝑍𝑍𝑦𝑦,𝑎𝑎 Total instantaneous mortality  

𝑠𝑠𝑎𝑎𝑆𝑆𝑆𝑆 Fishery-specific selectivity (relative vulnerability)  

𝑞𝑞𝑦𝑦
𝑓𝑓 Fishery-specific annual catchabilities  

𝐻𝐻�𝑦𝑦,𝑎𝑎
𝑓𝑓  Fishery-specific estimated harvest at age  

𝐻𝐻�𝑦𝑦,𝑎𝑎
𝑓𝑓  Fishery-specific total estimated harvest  

𝑃𝑃�𝑦𝑦,𝑎𝑎
𝑓𝑓  Fishery-specific estimated harvest age composition  
𝐵𝐵𝑦𝑦 Total biomass  

𝑌𝑌𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇 Total yield across all fisheries  

𝑌𝑌𝑦𝑦6+ Age-6 and older yield across all fisheries  

𝑆𝑆𝑆𝑆𝑆𝑆𝑦𝑦 Spawning stock biomass  

916 
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Table 2. Equations and descriptions of the negative log-likelihood and negative log-prior  917 

components for the lake trout statistical catch-at-age (SCAA) model for Yellowstone Lake.  918 

 919 

 920 

 921 

 922 

Eq. 

No. 

Equation Description 

T.2.1 ℒ𝐻𝐻𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑆𝑆𝑆𝑆log𝑒𝑒(𝜎𝜎𝑆𝑆𝑆𝑆)

+
0.5
𝜎𝜎𝑆𝑆𝑆𝑆

��𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻𝑦𝑦𝑆𝑆𝑆𝑆� − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻�𝑦𝑦𝑆𝑆𝑆𝑆��
2

𝑦𝑦

 

Total suppression gillnet harvest 

T.2.2 ℒ𝐻𝐻𝑆𝑆𝑆𝑆 = 𝑛𝑛𝑆𝑆𝑆𝑆log𝑒𝑒(𝜎𝜎𝑆𝑆𝑆𝑆)

+
0.5
𝜎𝜎𝑆𝑆𝑆𝑆

��𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻𝑦𝑦𝑆𝑆𝑆𝑆� − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻�𝑦𝑦𝑆𝑆𝑆𝑆��
2

𝑦𝑦

 

Total suppression trap net harvest 

T.2.3 ℒ𝐻𝐻𝐴𝐴𝐴𝐴 = 𝑛𝑛𝐴𝐴𝐴𝐴log𝑒𝑒(𝜎𝜎𝐴𝐴𝐴𝐴)

+
0.5
𝜎𝜎𝐴𝐴𝐴𝐴

��𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻𝑦𝑦𝐴𝐴𝐴𝐴� − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝐻𝐻�𝑦𝑦𝐴𝐴𝐴𝐴��
2

𝑦𝑦

 

Total assessment gillnet harvest 

T.2.4 ℒ𝑃𝑃𝑆𝑆𝑆𝑆 = −�𝐸𝐸𝐸𝐸𝐸𝐸
𝑦𝑦

�𝑃𝑃𝑦𝑦,𝑎𝑎
𝑆𝑆𝑆𝑆log𝑒𝑒�𝑃𝑃�𝑦𝑦,𝑎𝑎

𝑆𝑆𝑆𝑆�
𝑎𝑎

 Age composition of suppression gillnet 

harvest 

T.2.5 ℒ𝑃𝑃𝑆𝑆𝑆𝑆 = −�𝐸𝐸𝐸𝐸𝐸𝐸
𝑦𝑦

�𝑃𝑃𝑦𝑦,𝑎𝑎
𝑆𝑆𝑆𝑆log𝑒𝑒�𝑃𝑃�𝑦𝑦,𝑎𝑎

𝑆𝑆𝑆𝑆�
𝑎𝑎

 Age composition of suppression trap net 

harvest 

T.2.6 ℒ𝑃𝑃𝐴𝐴𝐴𝐴 = −�𝐸𝐸𝐸𝐸𝐸𝐸
𝑦𝑦

�𝑃𝑃𝑦𝑦,𝑎𝑎
𝐴𝐴𝐴𝐴log𝑒𝑒�𝑃𝑃�𝑦𝑦,𝑎𝑎

𝐴𝐴𝐴𝐴�
𝑎𝑎

 Age composition of assessment gillnet 

harvest 

T.2.7 
ℒ𝛿𝛿𝑅𝑅 = 𝑛𝑛𝛿𝛿𝑅𝑅log𝑒𝑒�𝜎𝜎𝛿𝛿

𝑅𝑅� +
0.5
𝜎𝜎𝛿𝛿𝑅𝑅

��0 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝛿𝛿𝑦𝑦𝑅𝑅��
2

𝑦𝑦

 
Recruitment deviation prior 

T.2.8 
ℒ𝛿𝛿𝑆𝑆𝑆𝑆 = 𝑛𝑛𝛿𝛿

𝑆𝑆𝑆𝑆
log𝑒𝑒 �𝜎𝜎𝛿𝛿

𝑆𝑆𝑆𝑆
� +

0.5
𝜎𝜎𝛿𝛿𝑆𝑆𝑆𝑆

��0 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝛿𝛿𝑦𝑦𝑆𝑆𝑆𝑆��
2

𝑦𝑦

 
Suppression gillnet catchability deviation 

prior  

T.2.9 
ℒ𝛿𝛿𝐴𝐴𝐴𝐴 = 𝑛𝑛𝛿𝛿

𝐴𝐴𝐴𝐴
log𝑒𝑒 �𝜎𝜎𝛿𝛿

𝐴𝐴𝐴𝐴
� +

0.5
𝜎𝜎𝛿𝛿𝐴𝐴𝐴𝐴

��0 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒�𝛿𝛿𝑦𝑦𝐴𝐴𝐴𝐴��
2

𝑦𝑦

 
Assessment gillnet catchability deviation 

prior 
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Figure Captions 923 

Figure 1. Fishing effort (a), number of lake trout harvested (b), and catch per unit effort (c) 924 

through time for suppression gill netting (black symbols and bars) and trap netting (gray 925 

symbols and bars) in Yellowstone Lake from 1998 through 2018. One unit of gillnet effort 926 

= 100 m of net set for 1 night; 1 unit of trapnet effort = 1 trap net set for 1 night. 927 

 928 

Figure 2. Retrospective pattern in total abundance for the SCAA model assuming a 929 

constant logistic selectivity function for the suppression gillnet program (top panel) versus 930 

a model assuming a time-varying logistic selectivity function (bottom panel) for lake trout 931 

in Yellowstone Lake. 932 

 933 

Figure 3. Observed (solid circles) and predicted (open squares) values for data sources used 934 

in a statistical catch-at-age model for lake trout in Yellowstone Lake from 1998 through 935 

2018.  Data sources include catch in the suppression gill nets (a), catch in suppression trap 936 

nets (b), catch per unit effort (CPUE; number per 100-m of net per night) in assessment 937 

netting (c), and age compositions for suppression gill nets (d), suppression trap nets (e), 938 

and assessment nets (f). 939 

 940 

Figure 4. Estimated abundance at the beginning of the year (a), comparison of abundance 941 

between the beginning and end of year (b), estimated relative abundance by age category 942 

(c), and estimated biomass (d) from a statistical catch-at-age model for lake trout in 943 

Yellowstone Lake from 1998 through 2018.  Dashed lines delineate 95% credible intervals. 944 
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Figure 5. Estimated total yield (kg⸱ha-1; black line) and yield of age-6 and older (gray line) 945 

from a statistical catch-at-age model for lake trout in Yellowstone Lake from 1998 through 946 

2018.   947 

 948 

Figure 6. Estimated total instantaneous fishing mortality (F) from all netting types (a), F by 949 

netting type (b), and age-specific selectivity by netting type (c) from a statistical catch-at-950 

age model for lake trout in Yellowstone Lake from 1998 through 2018.   951 

 952 

Figure 7. Estimates of spawning stock biomass (number of eggs) and corresponding 953 

recruitment of age-2 lake trout with 95% credible intervals (bars) and 5 000 random stock-954 

recruitment relationships (gray lines; top panel) for Yellowstone Lake.  The solid line in 955 

the top panel delineates the mean from 5,000 posterior samples.  Stock-recruitment 956 

relationship converted pre-recruit survival (SR) as a function of egg abundance (dashed 957 

lines delineate 95% credible intervals; bottom panel). Horizontal reference line indicates 958 

comparable estimate of SR from the native range of lake trout. 959 

 960 

Figure 8. Abundance (left) and corresponding biomass (right) trajectories for selected 961 

suppression gill-netting effort scenarios (number of 100-m net nights indicated in upper 962 

left) from demographic matrix model for lake trout in Yellowstone Lake.  Dashed lines 963 

delineate 90% credible intervals.   964 

 965 

Figure 9. Probability of reducing lake trout abundance (left) and biomass (right) below the 966 

2018 estimates (top panels), 50% of the 2018 estimates (center panels), and below 100 000 967 
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fish (corresponding to an 84% reduction in biomass relative to 2018; bottom panels) for 968 

selected gill-netting effort scenarios in Yellowstone Lake.  The legend delineates the 969 

amount of effort (1 unit = 100 m of net set for 1 night) per year.    970 

 971 

Figure 10. Probability of maintaining lake trout abundance in Yellowstone Lake below 100 972 

000 fish for annual levels of gill-net suppression effort (1 unit = 100 m of net set for 1 973 

night) varying from 0 to 95 000 units.  Horizontal reference line delineates a 90% 974 

probability. 975 

 976 

  977 
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Appendix A. Description of fishery operation and data collection 1015 

Suppression Gillnet Program  1016 

The suppression gillnet program to remove lake trout from Yellowstone Lake was 1017 

initiated in 1995 with limited gillnet effort intended mostly to assess population characteristics.  1018 

In 1998, gillnet effort was increased for the purpose of maximizing lake trout harvest.  1019 

Suppression program gillnetting is conducted annually from late May to late October and 1020 

consists of sinking gill nets comprised of 25-, 32-, 38-, 44-, 51-, 57-, 64-, 70- and 76-mm bar-1021 

measure mesh panels.  Generally, gill nets were set at depths greater than 20 m to avoid 1022 

Yellowstone cutthroat trout bycatch, except during peak lake trout spawning periods when nets 1023 

were set in areas shallower then 20 m.  Gillnet soak time varied from 1 to 7 nights. From 1998 to 1024 

2018, annual suppression gillnet effort increased from approximately 1 450 100-m net nights to 1025 

97 400 100-m net nights.  1026 

Over the duration of the suppression gillnet program, there have been shifts in the 1027 

configuration of gill nets with respect to the size of the mesh panels.  At the beginning of the 1028 

program, average bar-measure mesh size of suppression program gill nets was as high as 44 and 1029 

46 mm, but in the early 2000s was reduced to as low as 32 mm.  Over time, the average bar-1030 

measure mesh size has increased; in 2018, the average bar-measure mesh size was approximately 1031 

41 mm.  We attempted to account for this change in average mesh size by including integrated 1032 

assessment models that allowed for time-varying selectivities for the gillnet suppression 1033 

program. 1034 

Total lengths of lake trout harvested in the suppression gillnet program were measured to 1035 

the nearest mm.  Lengths for fish were converted to ages for calculating suppression gillnet 1036 

harvest age composition using year-specific age-length keys (Isely and Grabowski 2007). Age-1037 

length keys were constructed from sagittal otoliths taken from sub-samples from both the 1038 
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suppression and assessment gillnet programs.  See Syslo et al. (2011) for a description of the lake 1039 

trout aging procedures.    1040 

 1041 

Suppression Trapnet Program  1042 

From 2010 to 2013, the lake trout suppression program included a trapnet component that 1043 

targeted lake trout greater than 450 mm TL.  When the program was active, eight to ten trap nets 1044 

were deployed at fixed locations located throughout Yellowstone Lake. Trap net leads were 180 1045 

to 305-m long and 9 to 15-m deep with a 6×6×12-m pot (Koel et al. 2012). Trap net soak times 1046 

varied from 1 to 4 nights.  Annual suppression trap net effort ranged from approximately 270 net 1047 

nights in 2010 to 880 net nights in 2013.  Total lengths of each lake trout harvested in 1048 

suppression trap nets were measured to the nearest mm.  Lengths for fish were converted to ages 1049 

for calculating suppression trapnet harvest age composition using the same year-specific age- 1050 

length keys that were used to convert lengths to ages for suppression gillnetting. 1051 

 1052 

Standardized Assessment Gillnet Program 1053 

The standard assessment gillnet program has occurred annually since 2011.  Twelve fixed 1054 

sites and twelve random sites are sampled annually in early August with six experimental gill 1055 

nets (2 gillnet configurations fished at each of three depth strata) deployed at each site. The three 1056 

depth strata that are sampled are epilimnion (3 to 10 m in depth), metalimnion (10 to 30 m in 1057 

depth), and hypolimnion (> 40 m). The two gillnet configurations are a small-mesh gill net that 1058 

is 2-m deep and 76-m long and consists of 13.7-m panels of 19-, 25-, 32-, 38-, 44-, and 51-mm 1059 

bar measure mesh, and a large-mesh gill net that is 3.3-m deep and 68.6-m long and consists of 1060 

13.7-m panels of 57-, 64-, 70-, 76-, and 89-mm bar measure. Gill nets are set perpendicular to 1061 
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shore with the small-mesh and large-mesh nets set parallel about 100 m apart.  All lake trout 1062 

caught in assessment gillnets were measured for TL. Total lengths of fish were converted to ages 1063 

using the same year-specific age-length keys that were used to convert lengths to ages for the 1064 

suppression gillnet and trapnet programs. 1065 

 1066 

Life History Variables  1067 

Growth in length, weight, and maturity of lake trout in Yellowstone Lake did not 1068 

appear to vary as abundance levels increased, suggesting that the lake trout population had 1069 

not approached the lake’s carrying capacity (Syslo 2015).  Consequently, life-history 1070 

variables were considered to not vary over time either for the assessment model or 1071 

forecasting prediction.  Mean length-at-age was calculated from aged samples of lake trout 1072 

and converted to weight-at-age using coefficients from a log10 transformed length-weight 1073 

regression (β0 = -5.20; β1 =3.07; r2 = 0.98; p < 0.001; df = 11 965) for samples collected 1074 

from 1998 through 2013 (Syslo 2015).  Maturity at age was calculated using coefficients 1075 

from a logistic regression model to predict female probability of maturity at length (β0 = -1076 

13.71; β1 = 0.025; p < 0.001; df = 971) for samples collected from 1998 through 2013 1077 

(Syslo 2015). Probabilities of maturity at age was determined using the mean-length-at-age 1078 

and the mean predicted probability of maturity at that length.  Female lake trout were 50% 1079 

mature at 541 mm, corresponding to an age of 6.7 years.  The number of eggs produced per 1080 

kg body weight was calculated using coefficients from a weight-fecundity regression 1081 

model (β0 = 245.8; β1 = 1 458.9; r2 = 0.74; p < 0.001; df = 194) for samples collected in 1082 

2006 and 2007 (Syslo et al. 2011).  The number of eggs produced per kg body weight was 1083 

multiplied by the mean weight-at-age, probability of maturity at age, sex ratio (assumed to 1084 
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be 0.5), and age-specific abundance in the calculation of spawning stock biomass (equation 1085 

20). 1086 
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