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16 Abstract

17 Removal of non-native fish populations can be crucial to the conservation of native species, but often 

18 presents a complex challenge for managers. The goal of Trojan Y chromosome (TYC) programs is to skew 

19 the non-native sex ratio until only males remain, leading to eradication. We present results from a 

20 simulation model used to explore effects of alternative management approaches on an in-progress 

21 mechanical removal and TYC program to eradicate non-native Brook Trout. Simulation results indicated 

22 that stocking fingerling YY males (~137 mm) was more effective than stocking catchable-sized YY males 

23 (~230 mm), although questions about inter-cohort competition warrant further investigation. Increasing 

24 the proportion of mature fingerling YY males reduced treatment time by increasing the number of YY 

25 male spawners and increasing density-dependent mortality on young, mature wild Brook Trout. 

26 Maximizing the spatial distribution of YY male releases may be crucial to program success but is also 

27 dependent upon immediate dispersal movements. Principles derived from our results can be broadly 

28 applied to the management of other aquatic invaded systems using TYC programs to eradicate non-

29 native species.  

30 Keywords: Conservation management; Invasive species biology; Simulation modeling; Stream fisheries; 
31 Trojan chromosomes;

32
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33 Introduction

34 The establishment and spread of non-native fish species present significant challenges for the 

35 conservation and management of natural resources (Havel et al. 2015). One approach to the removal of 

36 non-native species is to manipulate the population sex ratio until only one sex remains, leading to 

37 eventual eradication (Harvey-Samuel et al. 2017). Trojan Y chromosome (TYC) programs rely on the 

38 reproductive contribution of introduced individuals with two Y chromosomes (i.e., YY males), resulting in 

39 all-male offspring. With consistent releases over time, the number of females is expected to decline 

40 through successive generations until the population consists solely of males. While the production of YY 

41 males in aquaculture has been well-developed (Mair et al. 1997), their application as a fisheries 

42 management tool has been relatively recent and lacks sufficient field testing (but see Kennedy et al. 

43 2018). Given the resources required to implement a TYC program, tools that can be used to support 

44 decision analysis for management actions are essential to developing a robust management strategy.   

45 The use of simulation models to support the implementation of a TYC programs in an adaptive 

46 management framework is a promising approach for optimizing strategies to achieve eradication of non-

47 native aquatic species. Such models can be a critical component of a successful adaptive management 

48 program by informing initial management decisions, evaluating alternative hypotheses, and measuring 

49 outcome uncertainty (Smith et al. 2013; Walters 1986). In such an application, model results can be 

50 compared to observed empirical outcomes resulting from a management action in order to further 

51 refine the model to accurately reflect current knowledge of underlying processes. The updated model is 

52 then used to experimentally test management scenarios not yet implemented in the field, and to further 

53 reduce uncertainty associated with alternative management decisions. Thus, the simulation model is an 

54 integral component of the adaptive management feedback cycle (Bearlin et al. 2002).
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55 Several earlier simulation models have demonstrated the feasibility of the TYC strategy for the 

56 eradication of non-native fish species, though few have been tied to a real-world system with ongoing 

57 TYC management. For example, Gutierrez and Teem (2006) used mathematical modeling (i.e., a system 

58 of differential equations) to demonstrate population eradication given constant releases of YY fish. 

59 Subsequent theoretical models explored the effects of factors such as the use of YY males versus YY 

60 females (Parshad et al. 2013), the dendritic configuration of the stream system (Gutierrez et al. 2012), 

61 fitness of the YY fish (Senior et al. 2013), and Allee effects (Beauregard et al. 2020). Day et al. (2020) 

62 investigated how factors related to the life history and ecology of YY fish affected the probability of 

63 eradicating a target fish population, but did not evaluate the effects of alternative management 

64 decisions on eradication outcomes.

65 In this paper we simulate alternative management actions in support of an adaptive 

66 management program designed to eradicate non-native Brook Trout (Salvelinus fontinalis) in a 

67 mountainous stream system where they occur in sympatry with native Westslope Cutthroat Trout 

68 (Oncorhynchus clarkii lewisi). Native to eastern North America, Brook Trout have been repeatedly 

69 introduced throughout western North America over the past 150 years, primarily stocked for 

70 recreational purposes (Fuller et al. 1999). Subsequent to stocking, the range of Brook Trout has 

71 extended beyond initial release locations (Paul and Post 2001), and the species is now widespread in 

72 western North America, often overlapping with and threatening the viability of native salmonids such as 

73 Cutthroat Trout and Bull Trout (Salvelinus confluentus; Dunham et al. 2002). As a result, Brook Trout are 

74 commonly targeted by management agencies for population suppression or eradication to facilitate the 

75 restoration of native salmonids (Buktenica et al. 2013; Shepard et al. 2002). Where Brook Trout and 

76 native salmonids are sympatric, the complete eradication of Brook Trout can be extremely difficult via 

77 mechanical removal alone (Meyer et al. 2006; Peterson et al. 2008). Accordingly, several state agencies 

78 are currently incorporating the use of YY males into their Brook Trout management plans. Given the 
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79 recency of this method, little is known about the optimal management application of YY males for 

80 reducing non-native populations while conserving native populations. Simulation models can provide 

81 vital support to such efforts as a vehicle for experimentation and analysis that cannot yet be 

82 accomplished in the field.

83 In this study, we present results from simulation modeling used to explore uncertainty 

84 associated with several management factors of a Brook Trout TYC program. Factors evaluated include 

85 number of YY males released, body size of YY males released, number of release locations, frequency of 

86 electrofishing suppression, and proportion of YY males mature at release. Specifically, our goal was to 

87 understand how varying each of these factors might affect the rate of population decline and time to 

88 eradication of the non-native species. While our model focuses on the management of Brook Trout, the 

89 simulation framework is flexible and can be adapted to any aquatic species where movement rates and 

90 demography can be described. Principles derived from our simulation results can likewise be broadly 

91 applied to the management of other invaded stream systems.   

92 Materials and Methods

93 Study system

94 The model extent of this study included the occupied range of Brook Trout in the Sullivan Creek 

95 watershed, comprising 32.3 km of stream length. Sullivan Creek is a tributary to the Lower Pend Oreille 

96 River in northeastern Washington State, USA (Figure 1). Although non-native, Brook Trout were widely 

97 stocked throughout the Lower Pend Oreille Basin from 1902 until 1981 (Bowers 1904; Smith 1914; 

98 Kloempken 1996). Native Westslope Cutthroat Trout occur sympatrically with Brook Trout throughout 

99 much of their range in the Sullivan Creek watershed. However, Westslope Cutthroat Trout populations 

100 often extend further upstream than do Brook Trout populations due to the presence of barriers or high 

101 gradient reaches in most tributaries to Sullivan Creek that prevent upstream Brook Trout movement. 
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102 One of the fish management goals within the Sullivan Creek Basin is the suppression and removal of 

103 Brook Trout to aid restoration of Westslope Cutthroat Trout throughout the watershed. Electrofishing 

104 suppression of Brook Trout began in 2016, followed by the annual release of YY male Brook Trout in the 

105 headwaters of Sullivan Creek beginning in 2018 (Baker et al. 2020). 

106 Model Description

107 To conduct simulations, we developed a system model for Brook Trout in Sullivan Creek using 

108 the spatially explicit, individual-based software CDMetaPOP (Cost Distance MetaPOPulation) version 

109 1.44 (Landguth et al. 2017; Mims et al. 2019). For a complete description of prior applications of this 

110 Brook Trout model, as well as a description of incorporation of YY males into the model, see Day et al. 

111 (2018) and Day et al. (2020), respectively. Brook Trout parameters associated with demography (e.g., 

112 fecundity, growth) and behavior (e.g., dispersal, mating) were derived from empirical data. For a full list 

113 of parameter values and sources included in the model, as well as information on age and size structure 

114 of the simulated Brook Trout population, see Supplementary Material. Following, we provide only a 

115 brief description of the main processes in the YY male Brook Trout system model.

116 We divided Sullivan Creek and its tributaries into 151 model stream reaches (i.e., patches) 

117 covering the range of Brook Trout in the watershed (Figure 1), which were then populated with 

118 individual fish. Patches averaged 200 m in stream length and corresponded to existing sampling units 

119 delineated for the monitoring and management of fish populations in Sullivan Creek. Patches were 

120 characterized by spatially explicit factors including carrying capacity, stream temperature, spawning 

121 habitat, and suppression schedule. We modeled physical barriers (i.e., dams, culverts) that limited 

122 upstream movement based on the estimated permeability of the barrier. All movement (i.e., dispersal, 

123 mating) was based on a draw from a probability distribution on a matrix of cost distances between 
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124 patches resulting from a combination of riverine distance and barriers (i.e., dams, road crossing 

125 structures).

126 Timesteps for the Brook Trout model were semi-annual and included a spawning period and an 

127 overwintering period. Each year prior to spawning, we simulated local dispersal movement followed by 

128 size- and density-dependent mortality and – for those years scheduled for electrofishing suppression – 

129 density-independent mortality. Spawning then consisted of length-based maturation, mate selection, 

130 length-based egg production, and sex chromosome inheritance. Following spawning, individual fish were 

131 grown according to a von Bertalanffy growth curve (von Bertalanffy 1938) adjusted for local patch 

132 temperature. During the overwintering period, individuals again experienced density-dependent 

133 mortality and individual growth. In years scheduled for YY male releases, releases occurred just prior to 

134 spawning. All simulations were run for 120 years, with a burn-in phase of 20 years to stabilize population 

135 demographics. Suppression treatment began at year 20 and continued for 100 years according to the 

136 designated suppression schedule. Releases of YY males began at year 23 and continued annually 

137 through the end of the simulation.  

138 Study Design

139 We conducted simulation experiments to test for effects of alternative management strategies 

140 on Brook Trout eradication outcomes. Experiments involved varying the management factors of interest 

141 while holding all other model parameters constant. Target management variables included the number 

142 and body size of YY males released, frequency and efficacy of electrofishing mortality, number of 

143 locations from which YY males were released, and proportion of YY males mature at release (Table 1). 

144 We selected parameter ranges after careful consideration of what we considered to be logistically 

145 feasible based on expert opinion from local fisheries managers, including co-author WPB. The primary 

146 indicators used to measure success of the TYC program were the number of years of treatment required 
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147 for Brook Trout eradication or – in the case where eradication did not occur – the minimum number of 

148 females observed during the simulation. 

149 For reference, we refer to a ‘standard’ model scenario in which the level of each experimental 

150 factor reflects the current management strategy (Baker et al. 2020), which calls for approximately 4,000 

151 YY fingerlings to be released annually in the headwaters of Sullivan Creek (defined as the reach 

152 upstream from the confluence with Gypsy Creek; see Figure 1). Since these annual releases represent a 

153 limited pilot program, we simulated a more comprehensive treatment that reflects the current 

154 management strategy but expanded YY male stocking activities to the entire watershed. Accordingly, we 

155 proportionally increased the ‘standard’ number of YY fingerlings released to 9,110, or approximately 

156 80% of the estimated age-1+ abundance and 60% of the estimated age-0 abundance for wild Brook 

157 Trout (Schill et al. 2017). The ‘standard’ suppression schedule consisted of five-year suppression cycles 

158 with three years of three-pass electrofishing suppression followed by two years off. All YY males were 

159 reproductively immature at release. Because the immediate dispersal distribution of YY males is 

160 unknown, the standard model assumed they would distribute themselves throughout the watershed in 

161 proportion to the known heterogenous local Brook Trout density across patches. Because the fitness of 

162 YY males relative to wild Brook Trout is unknown, we assumed equal fitness in terms of both survival 

163 and reproduction (but see Day et al. (2020) for a full treatment of fitness effects).  

164 YY male release number and body size: To test for effects of adjusting the number and body size 

165 of YY males released, we varied these two factors simultaneously in a fully crossed experimental design. 

166 Body size (mean ± SD) of YY males comprised two levels: fingerling (137 ± 14 mm) and catchable (230 ± 

167 15 mm), representative of the likely size of fish following one and two years of growth in the hatchery, 

168 respectively (WPB pers. obs.). Number of fish released was limited by maximum plausible estimates 

169 provided by local managers, ranging from 20 – 200% of the size of the standard simulated age-1+ 

170 population (at increments of 20%) for fingerlings and 10 – 100% for catchables (at increments of 10%). 
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171 We conducted 10 replicates of each combination of size and number of fish and calculated 95% 

172 confidence intervals for each outcome variable. We fit an exponential decay curve using the package 

173 ‘nlstools’ in R (Baty et al. 2015) and estimated asymptotes for each curve. To understand how stocking 

174 large numbers of YY males affects size-based density dependent mortality of wild Brook Trout, we 

175 compared age-based survival of wild Brook Trout between standard fingerling and catchable scenarios 

176 (i.e., four times as many fingerlings as catchables) for the first five years of YY male stocking. To do this, 

177 we used the ‘nlme’ package in R to run linear mixed models for each age with year as a random effect 

178 (Pinheiro et al. 2017).

179 Suppression schedule and mortality: To test for effects of electrofishing effort and suppression 

180 mortality on Brook Trout eradication, we selected five electrofishing schedules (Table 1). We ran 100 

181 simulations for each schedule with the baseline capture probability ranging from 0.01 to 1. During 

182 simulations, this capture probability was multiplied by a size-based probability of capture derived from a 

183 gear selectivity curve developed using size-based regression analysis on multi-pass depletion 

184 electrofishing surveys. For size classes 0 – 7, gear selectivity values were 0.1, 0.45, 0.75, 0.95, 1, 1, 1, and 

185 1, respectively (Day et al. 2018). Thus, a probability of mortality of 1 did not remove all Brook Trout from 

186 a given patch. We plotted % mortality against time to eradication and fit the resulting data to an 

187 exponential decay curve. Differences among suppression schedules at the empirically derived capture 

188 probability (0.85 for Sullivan Creek; Day et al. 2018) were compared using 95% confidence bands. 

189 Release Locations and YY male reproductive maturity: We tested three levels for number of 

190 release locations and six levels for maturity of YY males for effects on Brook Trout eradication. In 

191 addition to the standard scenario in which YY males were released in all occupied patches, we tested 

192 scenarios of 16 and 32 release locations, distributed according to known Brook Trout density hotspots. 

193 The 16-location scenario approximated the distribution strategy of the ongoing management plan. For 
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194 this experiment, we simulated a restricted movement scenario in which the initial dispersal of YY males 

195 followed a Pareto distribution. 

196 Based on the range of fingerling maturation observed during TYC program development, we 

197 varied the proportion of fingerling YY males that were mature upon release, testing levels of 0, 0.25, 

198 0.50, 0.75, 0.90, and 1 (Table 1). For each scenario, we conducted 10 replicates and compared Brook 

199 Trout eradication outcomes using Analysis of Variance and post hoc pairwise t-tests using the Holm-

200 Bonferroni correction (Holm 1979). For access to model input files used for this study, see 

201 Supplementary Material 2.

202 Results

203 Under the standard model scenario (9,110 fingerlings released annually, 0% reproductively 

204 mature, spatially distributed across all patches relative to Brook Trout density, standard suppression 

205 schedule), mean time (±SD) to eradication from the beginning of suppression treatment was 27.7 ± 4.2 

206 years. During the first 10 years of YY male releases, mean annual YY male survival varied from 0.10 to 

207 0.16 (Table 2). The proportion of offspring (±SE) spawned by YY males averaged 0.35 (±0.040) after the 

208 first year and increased annually by an average of 0.031 to 0.6 (±0.095) by year 10. The proportion of 

209 the population that was male (±SE) increased from 0.5 (±0.003) to 0.88 (±0.015) over the same time 

210 frame. Excluding YY males, proportions of the wild population at year 10 (±SE) were 0.79 (±0.021) for XY 

211 males and 0.21 (±0.021) for XX females, or a 3.76:1 male to female ratio. 

212 YY male release number and body size: For fingerling scenarios, Brook Trout populations were 

213 eradicated across all but the lowest value for number of YY males stocked (Figure 2a). Non-linear 

214 regression indicated that time to eradication followed a negative exponential curve and reached an 

215 asymptote at 26.2 (±2.90 SE) years of treatment, indicating a threshold occurred when number of YY 

216 males stocked equaled approximately 80% of the age 1+ population (27.7 years ±1.73). Exceeding this 
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217 threshold by releasing additional YY males produced no further reduction in time to eradication. In 

218 simulations where catchable YY males were released, Brook Trout populations were not eradicated 

219 during 100 years of treatment for all numbers of fish stocked. Minimum number of females observed in 

220 these catchable scenarios followed a negative exponential curve with a predicted asymptote near zero 

221 (56 ± 34 females; Figure 2b), indicating that eradication may have occurred with further increases of 

222 catchable fish beyond the tested range of values in this simulation. Standard fingerling (9,110 YY males) 

223 and catchable (2,294 YY males) YY scenarios performed equally well during the first few years of 

224 treatment, but the wild population in catchable scenarios stabilized around a minimum female 

225 population size of 4,000 individuals (Figure 3). 

226 Survival among wild Brook Trout over the first five years of stocking varied by both age and body 

227 size of the YY males (Figure 3). Stocking with fingerling YY males yielded lower survival among wild Brook 

228 Trout from ages 2-7 (p < 0.002), but greater survival for age-0 wild Brook Trout (β = 0.19, p < 0.001). 

229 Survival of wild Brook Trout did not differ between fingerling and catchable scenarios for ages 1, 8, or 9 

230 (p > 0.05), although fish older than age 7 made up <3% of the population. Survival of YY males also 

231 varied according to body size. Mean fingerling YY male survival (± SE) over the first 10 years of releases 

232 under the standard scenario was 0.12 (± 0.0057), 2.6 times higher than survival for catchable fish (0.047 

233 ± 0.0038). 

234 Suppression schedule and mortality: Time to eradication for all suppression schedules decayed 

235 exponentially across suppression capture probabilities from 0.01 – 1 (Figure 4). For the capture 

236 probability estimated from electrofishing suppression in Sullivan Creek (0.85), annual suppression did 

237 not differ in length of treatment to achieve eradication (17.5 years, 95% CI 15.8 – 19.4) as a cycle of five 

238 years on and two years off (16.4 years, 14.6 – 18.7). Suppression every other year (28.0 years, 26.3 – 

239 31.8) performed equally well as a cycle of three years on and two years off (26.2 years, 24.5 – 28.7). A 

240 cycle of two years on and three years off performed worse than all other scenarios (34.8 years, 33.1 – 
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241 39.1). In general, lower rates of mortality resulted in greater separation in time to eradication among 

242 suppression schedules than the empirically derived capture probability of 0.85 (Figure 4). The difference 

243 in treatment time required for eradication between the best- and worst-performing suppression 

244 schedules at the empirically derived capture probability was 16.5 years. 

245 Release locations and YY male reproductive maturity: All simulations that utilized 16 or 32 

246 release locations combined with a restricted dispersal scenario for initial YY male distribution failed to 

247 eradicate the wild Brook Trout population. Scenarios that incorporated 32 rather than 16 release 

248 locations yielded lower population sizes but did not result in eradication (t37 = 6.20 p < 0.001; Figure 5). 

249 The proportion of patches occupied by wild Brook Trout over time also decreased with an increase in 

250 the number of release locations (t34 = 19.14, p < 0.001; Figure 5). With YY males distributed throughout 

251 all patches, eradication of wild Brook Trout occurred after an average of 27.7 (± 4.2 SD) years of 

252 treatment.

253 The proportion of fingerling YY males that were mature upon release was inversely correlated 

254 with the number of years of YY stocking required for eradication (F1,58 = 199.3, p < 0.001). Significant 

255 decreases in time to eradication occurred from 0 to 0.25, 0.25 to 0.5, 0.5 to 0.9, and 0.5 to 1 mature 

256 fingerlings (p < 0.05; Figure 6). Increasing this proportion from 0 to 0.5 decreased stocking time by 

257 37.6%, from 25.5 years to 15.9 years.

258 Discussion

259 Modeling the release of YY males in tandem with mechanical suppression to achieve eradication 

260 of non-native Brook Trout showcases a wide range of potential outcomes dependent upon management 

261 decisions. Our results indicate that these decisions can significantly impact the duration and 

262 effectiveness of a TYC program. Furthermore, they make it clear that understanding the key factors and 

263 underlying mechanisms via simulation modeling is essential for adaptively managing a TYC program. 
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264 While simulation models such as ours can be used to make predictions, they are often more useful in 

265 evaluating the dynamics of complex systems and the range of outcomes and uncertainty associated with 

266 different management strategies (Melis et al. 2015; Starfield 1997; Walters 1986). 

267 Number of YY males: The number of YY males to release annually is one of the most important questions 

268 a TYC program faces. Our simulation results indicated that effectiveness of the program plateaued as 

269 the annual number of YY males released increased beyond approximately 80% of the age-1+ population 

270 size. This non-linear relationship may have important implications for managers that have to balance 

271 time required to achieve eradication with financial cost. If the age-1+ population size can be estimated, 

272 the release of YY males can be optimized to allow remaining program resources to be allocated to other 

273 aspects of the management plan (Schill et al. 2017). 

274 The mechanism responsible for this pattern – limited returns on additional releases – was size- 

275 or stage-specific density-dependent mortality (Ray and Hastings 1996; Stige et al. 2019). In this 

276 framework, the number of individuals that could occupy a size class within a given patch was limited by 

277 intra-cohort competition. As a result, a threshold for the optimal number of YY fingerlings to release 

278 became apparent. Exceeding this threshold failed to improve eradication outcomes due to increased 

279 competition, and therefore, increased mortality for the YY male fingerlings. Inter-cohort competition 

280 followed the assumptions of the adult dominance model, so that high densities of juvenile YY males had 

281 no effect on the mortality of larger size classes. Similar patterns of mortality have been observed in field 

282 studies for various salmonids following stocking of hatchery fish (Justice et al. 2009; Kelly-Quinn and 

283 Bracken 1989; Miller 1958). In our model, this mechanism caused the number of reproductive YY males 

284 in the system to plateau despite simulating larger numbers of fish released. 

285 Size of YY males and competition: Simulations revealed that stocking fingerling YY males was more 

286 effective than stocking catchables. The underlying mechanism driving this outcome is the same as that 
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287 which regulated the threshold for number of YY males to release: size- and density-dependent mortality. 

288 Because population age structure allocates relatively little space to the catchable size class, the large 

289 majority of catchable YY males died during their first winter, as is common for larger hatchery fish 

290 stocked into streams (High and Meyer 2009; Kennedy et al. 2018). Empirical estimates of YY male Brook 

291 Trout survival in the stream environment are currently scarce. In a recent field experiment, Kennedy et 

292 al. (2018) observed 4-month survival (June - October) of catchable YY males as high as 0.25, though this 

293 result is not directly comparable to our study which reports 12-month survival. 

294 In our simulations, despite the high observed mortality rate, catchable simulations yielded a 

295 strongly skewed sex ratio and rapid population decline over the first several years of treatment, due to 

296 their ability to spawn before their first winter in the stream. Unlike in the fingerling scenarios, however, 

297 the catchable scenarios failed to eradicate the wild Brook Trout population. Instead, the population 

298 surprisingly maintained a stable, reduced number of females throughout the simulation (Figure 3a). The 

299 reason for this result is that increasing the number of catchable-sized fish beyond carrying capacity put 

300 no additional competitive pressure on smaller - but reproductively mature - fish. Day et al. (2020) 

301 conducted a substitutive simulation experiment to show that mortality due to competition and 

302 replacement of the wild population with YY males – and not just sex ratio manipulation – makes a 

303 significant contribution to the decline of the wild population. In our size-based model of competition, 

304 early maturing Brook Trout (ages 2 - 4) experienced additive mortality due to intra-cohort competition in 

305 the fingerling YY scenarios, but not in the catchable YY scenarios (Figure 3b). This additional source of 

306 mortality on younger fish was enough to drive the entire population to extinction. While our model does 

307 implement inter-cohort competition under a normal size structure scenario, the negative correlation 

308 between density of larger size classes and survival of smaller size classes is not maintained when the 

309 larger classes exceed carrying capacity (Nordwall et al. 2001).
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310 Our results raise important questions about competition among YY male and wild fish, and 

311 therefore, questions about the size of fish to release relative to the size of fish in the wild population. 

312 Standard models of salmonid mortality assume that density-dependence is important only in juvenile 

313 stages, and that inter-cohort competition is not a significant factor (Elliott 1985; Milner et al. 2003). 

314 However, some experimental and field-based studies have observed effects of inter-cohort competition 

315 on individual growth (Kaspersson et al. 2013; Myrvold and Kennedy 2015), habitat selection (Ayllon et 

316 al. 2013; Hojesjo et al. 2016), and survival (Nordwall et al. 2001; Samhouri et al. 2009) as a result of 

317 either adult (Sandlund et al. 1991; Kaspersson et al. 2013) or juvenile dominance (Einum et al. 2011; 

318 Kvingedal and Einum 2011). These studies usually involve adjacent cohorts rather than interactions 

319 between large and small adults (Housego 2019). However, at least one study has found that inter-cohort 

320 competition between 150 mm and 230 mm roach (Rutilus rutilus) manifested in reduced individual 

321 growth rates for both size classes (Hjelm and Persson 2001). Whether inter-cohort competition occurs – 

322 and in which direction – is ultimately dependent upon a host of factors including species, habitat and 

323 resource availability, ontogenetic niche shifts in prey and habitat preference, and reproductive strategy 

324 (Sandlund et al. 1991; Einum and Kvingedal 2011). While our model’s assumption that an influx of large, 

325 YY males has no competitive effect on smaller adults is likely unrealistic, it underlines the need for a 

326 greater understanding of the effects of density-dependence on eradication of the wild population. 

327 Further simulation work and field studies are needed to test alternative hypotheses of inter-cohort 

328 competition between hatchery and wild fish, particularly to inform eradication programs. 

329 Suppression schedule: Another factor that managers should consider is the design of electrofishing 

330 suppression that is coupled with YY releases. Previous modeling work has shown that combining YY 

331 releases with mechanical removal has a positive synergistic effect on eradication outcomes (Day et al. 

332 2020; Schill et al. 2017). Our results demonstrate that time to eradication is highly dependent on the 

333 level of mortality caused by suppression. In addition, the frequency with which suppression is applied 
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334 can affect time to eradication, with annual suppression reducing treatment time by 16.5 years in 

335 comparison to a 5-year cycle of 2 years of suppression followed by 3 years off. Frequent suppression in 

336 consecutive years may therefore be an attractive option, but managers should also consider the 

337 potential for unintended consequences. In particular, native fishes could be negatively impacted by 

338 frequent electrofishing suppression through injury and mortality (Keefe et al. 2000; Kocovsky et al. 

339 1997) as well as undergo behavioral and physiological changes (Dwyer et al. 2001; Mesa and Schreck 

340 1989). We found that a cycle of 5 years on and 2 years off performed as well as an annual suppression 

341 program, which would reduce the years requiring suppression effort by 29% (e.g., 8 years of effort saved 

342 over a 30-year treatment program).

343 Reproductive maturity of YY males: Reproductive maturity of YY fish is another factor likely to affect the 

344 amount of time and effort required to eradicate non-native species. Our standard model assumes that 

345 no YY male fingerlings would be mature upon release. Reports from hatcheries rearing YY males have 

346 indicated, however, that some proportion of fingerlings appear to be mature (expressing milt) at sizes 

347 equivalent to the fingerlings simulated in this study, and that perhaps the proportion of mature 

348 fingerlings could be manipulated (e.g., through food ration). In our model, increasing the proportion of 

349 mature fingerlings from 0 to 0.5 decreased time to eradication by 38% to 16 years of stocking. This 

350 result is a promising sign that early maturation could reduce the overall effort required to achieve 

351 program goals by producing more YY spawners each year while also increasing density-dependent 

352 mortality on young, mature wild Brook Trout. However, reproductive fitness of mature YY fingerlings 

353 could play an important role here as well (Day et al. 2020).

354 Number of release locations: Finally, we hypothesized that increasing the number of release locations 

355 would contribute to a more rapid decline of Brook Trout. While spreading YY releases evenly throughout 

356 the watershed was most effective, doubling the number of release locations from 16 to 32 reduced the 

357 mean number of females in the population and the number of occupied patches. However, both 
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358 scenarios failed to achieve eradication. This result is likely due to a combination of the high mortality 

359 experienced by YY males when released in high densities to a few locations and the restricted dispersal 

360 distribution we used to regulate movement of individuals prior to their first spawning season. Earlier 

361 simulations have shown that greater YY mobility leads to faster declines in the wild Brook Trout 

362 population (Day et al. 2020), but hatchery fish are likely to be relatively sedentary (Helfrich and Kendall 

363 1982; Symons 1969). Early monitoring of YY males in Sullivan Creek has not measured dispersal prior to 

364 spawning, but has indicated that YY movement over a 9-10-month period has been limited with very 

365 little long-distance dispersal (Baker et al. 2020; Lukacs 2020). We recommend that for maximum 

366 efficiency, managers disperse releases of YY males as widely as possible and relative to local densities of 

367 the non-native species.

368 Model development and management implications: While our modeling results present many 

369 alternative projections (e.g., years required for eradication), we emphasize that the main purposes of 

370 the model are to explore system dynamics and to provide management recommendations based on a 

371 comparison of relative outcomes across a range of scenarios (Starfield 1997; Walters 1986). Field studies 

372 and monitoring programs for a variety of habitats and species are needed to test model assumptions 

373 and thereby improve model projections. In Sullivan Creek, monitoring work to support adaptive 

374 management is ongoing, and has provided preliminary data on YY male survival that aligns well with the 

375 survival rates that emerged from model processes (Lukacs 2020). This result provides support for the 

376 size- and density-dependent mortality mechanism that produced higher mortality for YY fish than wild 

377 fish. 

378 The assumption of equal fitness between hatchery and wild fish also carries uncertainty and 

379 could be informed by the monitoring of released YY males through time. Hatchery fish tend to have 

380 lower fitness than wild fish (Araki et al. 2008), but one study did report YY males having greater 

381 reproductive fitness than their XY counterparts (Hamilton et al. 1969). Because effects of YY male fitness 
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382 on Brook Trout eradication were treated in an earlier application of the model (Day et al. 2020), we did 

383 not explore this factor further, but we highlight its potential to impact a TYC program. 

384 Programs to remove non-native species such as the program simulated here must also consider 

385 their potential impacts on the native species they are intended to benefit. In many systems across their 

386 native range including our study system, Westslope Cutthroat Trout compete with non-native Brook 

387 Trout for space and resources (Dunham et al. 2002). The introduction of a large population of YY male 

388 Brook Trout would be expected to increase competition pressure with the native Westslope Cutthroat 

389 Trout. In addition, the effects of repeated electrofishing to suppress the wild Brook Trout population 

390 could negatively impact the Westslope Cutthroat Trout due to unintended electrofishing-related injuries 

391 or mortality (Kocovsky et al. 1997). Programs to monitor the status of native populations should be 

392 employed in conjunction with a TYC program to address these potential impacts. Doing so will aid 

393 managers in finding a balance between eradicating the non-native species and preserving the 

394 demographic and genetic integrity of the native species. In our study system, the native Westslope 

395 Cutthroat Trout are monitored annually to guide the suppression and TYC management plans (Baker et 

396 al. 2020). 

397 In an adaptive management framework, model results and ongoing management activities work 

398 mutually to reduce uncertainty and improve decision-making. Ongoing Brook Trout model development 

399 includes an application to simulate multiple competitor species and their interactions during TYC 

400 implementation. We are further exploring how – in the case of failure to eradicate – Brook Trout 

401 recovery might be affected by reduced fitness following a population bottleneck due to suppression 

402 (also see Day et al. 2018). We encourage managers to consider incorporating simulation modeling into 

403 TYC and similar programs to improve understanding of underlying system processes on potential 

404 management decisions. Our study shows that decisions affecting just a single factor (e.g., the number to 
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405 release, release locations, or the proportion of reproductively mature individuals) can significantly 

406 reduce the time required to achieve eradication, or result in failure to achieve eradication. 

407 While our study focuses on removal of Brook Trout, we anticipate that sex ratio distortion 

408 programs will be used for the local eradication of a wide variety of undesirable species (Harvey-Samuel 

409 et al. 2017; Galizi et al. 2016). Aquatic systems are especially well-suited to the TYC strategy because of 

410 their linear nature which forces interaction among individuals as a result of limited space and resources. 

411 Indeed, programs have previously been explored for amphibians (Thresher and Bax 2006) and several 

412 other species of fish (Thresher et al. 2019). TYC programs have potential to become a valuable tool for 

413 conservation by reducing the financial cost and ecological impact of non-native species eradication, but 

414 success will depend in part on the depth to which underlying system mechanisms are understood, 

415 particularly in response to the TYC approach. Results from this study can inform future TYC programs on 

416 identifying some of the key factors to consider when making decisions, especially where the availability 

417 of local empirical data may be limited.

418 Acknowledgments

419 Funding and support for this study was provided by Seattle City Light. Data for this work was contributed 

420 by Seattle City Light, the Washington Department of Fish and Wildlife, West Fork Environmental, and 

421 the Kalispel Tribe of Indians. Harry Rich, Al Solonsky, and Zachary Holden provided helpful contributions 

422 to model development, analysis, and publication. Computational resources and support from the 

423 University of Montana’s Griz Shared Computing Cluster (GSCC) contributed to this research.

424

Page 19 of 33

© The Author(s) or their Institution(s)

Canadian Journal of Fisheries and Aquatic Sciences



Draft

20

425 References

426 Araki, H., B. A. Berejikian, M. J. Ford, and M. S. Blouin. 2008. Fitness of hatchery-reared salmonids in the 
427 wild. Evolutionary Applications 1:342-355.
428 Ayllón, D., A. Almodóvar, G. G. Nicola, I. Parra, and B. Elvira. 2012. Modelling carrying capacity dynamics 
429 for the conservation and management of territorial salmonids. Fisheries Research 134:95-103.
430 Baker, W. P., Walker, B. M., Simmons, R., Olson, J. A., Rich, H., Small, M., and Jaecks, T. 2020. Stocking 
431 and monitoring of MYY Brook Trout in the headwaters of Sullivan Creek, Pend Oreille County, 
432 Washington. Progress Report, Washington Department of Fish and Wildlife.
433 Baty, F., Ritz, C., Charles, S., Brutsche, M., Flandrois, J.-P., and Delignette-Muller, M.-L. 2015. A toolbox 
434 for nonlinear regression in R: the package nlstools. Journal of Statistical Software 66(5): 1-21.
435 Bearlin, A.R., Schreiber, E.S., Nicol, S.J., Starfield, A., and Todd, C.R. 2002. Identifying the weakest link: 
436 simulating adaptive management of the reintroduction of a threatened fish. Canadian Journal of 
437 Fisheries and Aquatic Sciences 59(11): 1709-1716.
438 Beauregard, M.A., Parshad, R.D., Boon, S., Conaway, H., Griffin, T., and Lyu, J. 2020. Optimal control and 
439 analysis of a modified trojan Y-Chromosome strategy. Ecological Modelling 416: 108854.
440 Bowers, G.M. 1904. Report of the Commissioner for the Year Ending June 30, 1902. Part XXVIII. United 
441 States Commission of Fish and Fisheries, Washington D. C.
442 Buktenica, M.W., Hering, D.K., Girdner, S.F., Mahoney, B.D., and Rosenlund, B.D. 2013. Eradication of 
443 nonnative Brook Trout with electrofishing and antimycin-A and the response of a remnant Bull 
444 Trout population. North American Journal of Fisheries Management 33(1): 117-129.
445 Day, C.C., Landguth, E.L., Bearlin, A., Holden, Z.A., and Whiteley, A.R. 2018. Using simulation modeling to 
446 inform management of invasive species: A case study of eastern brook trout suppression and 
447 eradication. Biological Conservation 221: 10-22.
448 Day, C.C., Landguth, E., Simmons, R.K., Baker, W., Whiteley, A.R., Lukacs, P.M., and Bearlin, A. 2020. 
449 Simulating effects of fitness and dispersal on the use of Trojan sex chromosomes for the 
450 management of invasive species. Journal of Applied Ecology. Doi:10.1111/1365-2664.13616.
451 Dunham, J.B., Adams, S.B., Schroeter, R.E., and Novinger, D.C. 2002. Alien invasions in aquatic 
452 ecosystems: toward an understanding of brook trout invasions and potential impacts on inland 
453 cutthroat trout in western North America. Reviews in Fish Biology and Fisheries 12(4): 373-391.

454 Dwyer, W.P., Shepard, B.B., and White, R.G. 2001. Effect of backpack electroshock on westslope 
455 cutthroat trout injury and growth 110 and 250 days posttreatment. North American Journal of 
456 Fisheries Management 21(3): 646-650.
457 Einum, S., and E. Kvingedal. 2011. Relative importance of size-based competitive ability and degree of 
458 niche overlap in inter-cohort competition of Atlantic salmon (Salmo salar) juveniles. Canadian 
459 Journal of Fisheries and Aquatic Sciences 68:969-976.
460 Einum, S., K. H. Nislow, S. McKelvey, and J. D. Armstrong. 2011. The spatial scale of competition from 
461 recruits on an older cohort in Atlantic salmon. Oecologia 167:1017-1025.
462 Elliott, J. 1985. Population regulation for different life-stages of migratory trout Salmo trutta in a Lake 
463 District stream, 1966-83. The Journal of Animal Ecology:617-638.
464 Fuller, P.L., Nico, L.G., and Williams, J.D. 1999. Nonindigenous fishes introduced into inland waters of the 
465 United States. American Fisheries Scoiety Special Publication. American Fisheries Society.
466 Galizi, R., Hammond, A., Kyrou, K., Taxiarchi, C., Bernardini, F., O’Loughlin, S.M., Papathanos, P.-A., 
467 Nolan, T., Windbichler, N., and Crisanti, A. 2016. A CRISPR-Cas9 sex-ratio distortion system for 
468 genetic control. Scientific reports 6: 31139.

Page 20 of 33

© The Author(s) or their Institution(s)

Canadian Journal of Fisheries and Aquatic Sciences



Draft

21

469 Grimm, V., Revilla, E., Berger, U., Jeltsch, F., Mooij, W.M., Railsback, S.F., Thulke, H.-H., Weiner, J., 
470 Wiegand, T., and DeAngelis, D.L. 2005. Pattern-oriented modeling of agent-based complex 
471 systems: lessons from ecology. Science 310(5750): 987-991.
472 Gutierrez, J.B., and Teem, J.L. 2006. A model describing the effect of sex-reversed YY fish in an 
473 established wild population: the use of a Trojan Y chromosome to cause extinction of an 
474 introduced exotic species. Journal of Theoretical Biology 241(2): 333-341.
475 Gutierrez, J.B., Hurdal, M.K., Parshad, R.D., and Teem, J.L. 2012. Analysis of the trojan y chromosome 
476 model for eradication of invasive species in a dendritic riverine system. Journal of mathematical 
477 biology 64(1-2): 319-340.
478 Hamilton, J. B., R. O. Walter, R. M. Daniel, and G. E. Mestler. 1969. Competition for mating between 
479 ordinary and supermale Japanese medaka fish. Animal Behaviour 17:168-176.
480 Harvey-Samuel, T., Ant, T., and Alphey, L. 2017. Towards the genetic control of invasive species [journal 
481 article]. Biological Invasions 19(6): 1683-1703. Doi:10.1007/s10530-017-1384-6.
482 Havel, J.E., Kovalenko, K.E., Thomaz, S.M., Amalfitano, S., and Kats, L.B. 2015. Aquatic invasive species: 
483 challenges for the future. Hydrobiologia 750(1): 147-170.
484 Helfrich, L.A., and Kendall, W.T. 1982. Movements of hatchery-reared rainbow, brook, and brown trout 
485 stocked in a Virginia mountain stream. The Progressive Fish-Culturist 44(1): 3-7.
486 High, B., and Meyer, K.A. 2009. Survival and dispersal of hatchery triploid Rainbow Trout in an Idaho 
487 river. North American Journal of Fisheries Management 29(6): 1797-1805.
488 Hjelm, J., and L. Persson. 2001. Size-dependent attack rate and handling capacity: inter-cohort 
489 competition in a zooplanktivorous fish. Oikos 95:520-532.
490 Höjesjö, J., R. Kaspersson, and J. D. Armstrong. 2016. Size-related habitat use in juvenile Atlantic salmon: 
491 the importance of intercohort competition. Canadian Journal of Fisheries and Aquatic Sciences 
492 73:1182-1189.
493 Holm, S. 1979. A simple sequentially rejective multiple test procedure. Scandinavian Journal of Statistics 
494 6:65-70.
495 Housego, E. 2019. Intercohort competition in stream salmonids: effects on behavior, habitat use and 
496 correlates of fitness. MS thesis, Concordia University, OR.
497 Justice, C., Pyper, B.J., Beamesderfer, R.C., Paragamian, V.L., Rust, P.J., Neufeld, M.D., and Ireland, S.C. 
498 2009. Evidence of density-and size-dependent mortality in hatchery-reared juvenile white 
499 sturgeon (Acipenser transmontanus) in the Kootenai River. Canadian Journal of Fisheries and 
500 Aquatic Sciences 66(5): 802-815.
501 Kaspersson, R., F. Sundström, T. Bohlin, and J. I. Johnsson. 2013. Modes of competition: adding and 
502 removing brown trout in the wild to understand the mechanisms of density-dependence. PloS 
503 one 8:e62517.
504 Keefe, M.L., Whitesel, T.A., and Angelone, P. 2000. Induced mortality and sublethal injuries in embryonic 
505 Brook Trout from pulsed DC electroshocking. North American Journal of Fisheries Management 
506 20(2): 320-327.
507 Kelly-Quinn, M., and Bracken, J. 1989. Survival of stocked hatchery-reared Brown Trout, Salmo trutta L., 
508 fry in relation to the carrying capacity of a trout nursery stream. Aquaculture Research 20(2): 
509 211-226.
510 Kennedy, P.A., Meyer, K.A., Schill, D.J., Campbell, M.R., and Vu, N.V. 2018. Survival and Reproductive 
511 Success of Hatchery YY Male Brook Trout Stocked in Idaho Streams. Transactions of the 
512 American Fisheries Society 147(3): 419-430.
513 Kloempken, K. 1996. Washington Department of Game Planting Records, W.D.o. Game, Olympia, WA.
514 Kocovsky, P.M., Gowan, C., Fausch, K.D., and Riley, S.C. 1997. Spinal injury rates in three wild trout 
515 populations in Colorado after eight years of backpack electrofishing. North American Journal of 
516 Fisheries Management 17(2): 308-313.

Page 21 of 33

© The Author(s) or their Institution(s)

Canadian Journal of Fisheries and Aquatic Sciences



Draft

22

517 Kvingedal, E., and S. Einum. 2011. Intracohort and intercohort spatial density dependence in juvenile 
518 brown trout (Salmo trutta). Canadian Journal of Fisheries and Aquatic Sciences 68:115-121.
519 Landguth, E.L., Bearlin, A., Day, C.C., and Dunham, J. 2017. CDMetaPOP: An individual-based, 
520 eco-evolutionary model for spatially explicit simulation of landscape demogenetics. Methods in 
521 Ecology and Evolution 8(1): 4-11.
522 Lukacs, P.M. 2020. Boundary hydroelectric project area YY Brook Trout movement update 2019. Seattle 
523 City Light, Washington, USA.
524 Mair, G., Abucay, J., Abella, T., Beardmore, J., and Skibinski, D. 1997. Genetic manipulation of sex ratio 
525 for the large-scale production of all-male tilapia Oreochromis niloticus. Canadian Journal of 
526 Fisheries and Aquatic Sciences 54(2): 396-404.
527 McLane, A.J., Semeniuk, C., McDermid, G.J., and Marceau, D.J. 2011. The role of agent-based models in 
528 wildlife ecology and management. Ecol. Model. 222(8): 1544-1556.
529 Melis, T.S., Walters, C.J., and Korman, J. 2015. Surprise and opportunity for learning in Grand Canyon: 
530 the Glen Canyon dam adaptive management program. Ecology and Society 20(3).
531 Mesa, M.G., and Schreck, C.B. 1989. Electrofishing mark–recapture and depletion methodologies evoke 
532 behavioral and physiological changes in cutthroat trout. Transactions of the American Fisheries 
533 Society 118(6): 644-658.
534 Meyer, K.A., Lamansky Jr., J.A., Schill, D.J. 2006. Evaluation of an unsuccessful brook trout electrofishing 
535 removal project in a small Rocky Mountain stream. North American Journal of Fisheries 
536 Management 26(4): 849-860.
537 Miller, R.B. 1958. The role of competition in the mortality of hatchery trout. Journal of the Fisheries 
538 Board of Canada 15(1): 27-45.
539 Milner, N., J. Elliott, J. Armstrong, R. Gardiner, J. Welton, and M. Ladle. 2003. The natural control of 
540 salmon and trout populations in streams. Fisheries Research 62:111-125.
541 Mims, M.C., Day, C.C., Burkhart, J.J., Fuller, M.R., Hinkle, J., Bearlin, A., Dunham, J.B., DeHaan, P.W., 
542 Holden, Z.A., and Landguth, E.L. 2019. Simulating demography, genetics, and spatially explicit 
543 processes to inform reintroduction of a threatened char. Ecosphere 10(2): e02589. 
544 Doi:doi:10.1002/ecs2.2589.
545 Myrvold, K., and B. Kennedy. 2015. Density dependence and its impact on individual growth rates in an 
546 age-structured stream salmonid population. Ecosphere 6:1-16.
547 Nordwall, F., I. Näslund, and E. Degerman. 2001. Intercohort competition effects on survival, movement, 
548 and growth of brown trout (Salmo trutta) in Swedish streams. Canadian Journal of Fisheries and 
549 Aquatic Sciences 58:2298-2308.

550 Parshad, R.D., Kouachi, S., and Gutierrez, J.B. 2013. Global existence and asymptotic behavior of a model 
551 for biological control of invasive species via supermale introduction. Communications in 
552 Mathematical Sciences 11(4): 971-992.
553 Paul, A.J., and Post, J.R. 2001. Spatial distribution of native and nonnative salmonids in streams of the 
554 eastern slopes of the Canadian Rocky Mountains. Transactions of the American Fisheries Society 
555 130(3): 417-430.
556 Peterson, D.P., Fausch, K.D., Watmough, J., and Cunjak, R.A. 2008. When eradication is not an option: 
557 modeling strategies for electrofishing suppression of nonnative brook trout to foster persistence 
558 of sympatric native cutthroat trout in small streams. North American Journal of Fisheries 
559 Management 28(6): 1847-1867.
560 Pinheiro, J. Bates, D., DebRoy, S., Sarkar, D., R Core Team. 2019. Package ‘nlme’: linear and nonlinear 
561 mixed effects models. R package version 3.1.
562 Ray, C., and Hastings, A. 1996. Density dependence: are we searching at the wrong spatial scale? Journal 
563 of Animal Ecology: 556-566.

Page 22 of 33

© The Author(s) or their Institution(s)

Canadian Journal of Fisheries and Aquatic Sciences



Draft

23

564 Samhouri, J. F., M. A. Steele, and G. E. Forrester. 2009. Inter-cohort competition drives density 
565 dependence and selective mortality in a marine fish. Ecology 90:1009-1020.
566 Sandlund, O., B. Jonsson, T. Næsje, and P. Aass. 1991. Year-class fluctuations in vendace, Coregonus 
567 albula (Linnaeus): Who's got the upper hand in intraspecific competition? Journal of Fish Biology 
568 38:873-885.
569 Schill, D.J., Meyer, K.A., and Hansen, M.J. 2017. Simulated effects of YY-male stocking and manual 
570 suppression for eradicating nonnative Brook Trout populations. North American Journal of 
571 Fisheries Management 37(5): 1054-1066.
572 Senior, A.M., Krkosek, M., and Nakagawa, S. 2013. The practicality of Trojan sex chromosomes as a 
573 biological control: an agent based model of two highly invasive Gambusia species. Biological 
574 invasions 15(8): 1765-1782.
575 Shepard, B.B., Spoon, R., and Nelson, L. 2002. A native westslope cutthroat trout population responds 
576 positively after brook trout removal and habitat restoration. Intermountain Journal of Sciences 
577 8(3): 193-214.
578 Smith, D.R., McGowan, C.P., Daily, J.P., Nichols, J.D., Sweka, J.A., and Lyons, J.E. 2013. Evaluating a 
579 multispecies adaptive management framework: must uncertainty impede effective 
580 decision-making? Journal of Applied Ecology 50(6): 1431-1440.
581 Smith, H.M. 1914.  Report of the United States Commissioner of Fisheries for the Fiscal Year 191  
582 3.  Bureau of Fisheries, Washington D.C. 
583 Starfield, A.M. 1997. A pragmatic approach to modeling for wildlife management. The Journal of wildlife 
584 management: 261-270.
585 Stige, L.C., Rogers, L.A., Neuhemier, A.B., Hunsicker, M.E., Yaragina, N.A., Ottersen, G., Ciannelli, L., 
586 Langangen, O., and Durant, J.M. 2019. Density- and size-dependent mortality in fish early life 
587 stages. Fish and Fisheries 20:962-976.
588 Symons, P.E. 1969. Greater dispersal of wild compared with hatchery-reared juvenile Atlantic salmon 
589 released in streams. Journal of the Fisheries Board of Canada 26(7): 1867-1876.
590 Thresher, R.E., and Bax, N. 2006. Comparative analysis of genetic options for controlling invasive 
591 populations of the cane toad, Bufo marinus. Science of Cane Toad Invasion and Control.
592 Thresher, R.E., Jones, M., and Drake, D.A.R. 2019. Evaluating active genetic options for the control of sea 
593 lamprey (Petromyzon marinus) in the Laurentian Great Lakes. Canadian Journal of Fisheries and 
594 Aquatic Sciences 76(7): 1186-1202.
595 von Bertalanffy, L. 1938. A quantitative theory of organic growth (inquiries on growth laws. II). Human 
596 Biology 10(2): 181-213.
597 Walters, C.J. 1986. Adaptive management of renewable resources. Macmillan Publishers Ltd.

598

599

Page 23 of 33

© The Author(s) or their Institution(s)

Canadian Journal of Fisheries and Aquatic Sciences



Draft

24

600 Tables

601 Table 1. Factors tested within the CDMetaPOP modeling framework for their effect on Brook Trout 

602 eradication using mechanical suppression and stocking of YY males. 

Factor Levels Description

No. of YY males released 
annually

10 increments from 10 – 200% of wild 
age-1 population size

Percentages for fingerling and 
catchable YY males ranged from 
20-200 and 10-100, respectively

Body size of YY males 
released annually

137 ± 14 mm (fingerling)*
230 ± 15 mm (catchable)

Sizes were based on estimates 
from 1 (age-0) and 2 (age-1+) 
years of hatchery growth

Suppression cycle 
schedule

2/3, 3/2*, 1/1, 5/2, annual
Values represent no. of years of 
suppression followed by no. of 
years without suppression

Suppression mortality 100 increments from 1 – 100%
Mortality value was multiplied 
by a size-based gear selectivity 
curve 

No. of stocking locations All patches*, 16, 32
Stocking locations were 
selected according to known 
Brook Trout density hotspots

Maturity of YY males 0*, 0.25, 0.50, 0.75, 0.90, 1
Proportion of released YY males 
that were reproductively 
mature

603 * indicates standard suppression program

604
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605

606 Table 2. Mean output metrics (± SE) resulting from 10 replicates of the standard model scenario of EBT 

607 suppression and YY male releases throughout the Sullivan Creek Watershed. Only the first 10 years of 

608 releases are presented. An X indicates whether a given treatment occurred in a given year. 

Treatment 
Year Suppression* YY

Proportion 
male 

(excluding YY)

Proportion 
male†

Proportion YY 
progeny

YY annual 
survival

1 X 0.50 (0.003) 0.50 (0.003) 0 NA
2 X 0.50 (0.004) 0.50 (0.004) 0 NA
3 X 0.50 (0.005) 0.50 (0.005) 0 NA
4 X X 0.50 (0.005) 0.53 (0.005) 0 NA
5 X X 0.56 (0.006) 0.60 (0.005) 0 0.12 (0.004)
6 X X 0.66 (0.011) 0.69 (0.011) 0.35 (0.040) 0.16 (0.005)
7 X X 0.70 (0.013) 0.73 (0.013) 0.45 (0.045) 0.10 (0.005)
8 X X 0.71 (0.015) 0.74 (0.014) 0.40 (0.028) 0.09 (0.006)
9 X X 0.71 (0.012) 0.76 (0.011) 0.39 (0.034) 0.10 (0.007)

10 X X 0.71 (0.010) 0.78 (0.007) 0.42 (0.049) 0.13 (0.005)
11 X X 0.74 (0.010) 0.80 (0.010) 0.46 (0.043) 0.15 (0.006)
12 X X 0.77 (0.021) 0.82 (0.015) 0.54 (0.047) 0.13 (0.007)
13 X X 0.77 (0.020) 0.85 (0.012) 0.58 (0.074) 0.12 (0.003)
14 X X 0.79 (0.021) 0.88 (0.015) 0.60 (0.095) 0.13 (0.004)

609 * Suppression was on a 3/2 year on/off cycle, but was offset among subwatersheds, resulting in 
610 suppression occurring every year.
611 † This proportion includes YY males, but only those that survive over winter.
612
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613 Figure captions

614 Figure 1: Simulation extent and stocking locations for the Brook Trout TYC model in the Sullivan Creek 

615 Basin in northeastern Washington State, USA. Light grey shading along Sullivan Creek represents the 

616 treatment extent and the current range of Brook Trout in Sullivan Creek. Triangles indicate release 

617 locations for YY male Brook Trout for simulations that tested for effects of the number of release 

618 locations used. This map was created using ArcGIS Desktop version 10 (Redlands, CA).

619 Figure 2: Simulation results from a YY male Brook Trout suppression program in the Sullivan Creek Basin 

620 in Washington State. The x-axis represents the number of YY males released relative to the size of the 

621 baseline number of age-1+ fish in the population. The top panel (a) displays the amount of time required 

622 to achieve eradication using fingerling-sized fish (137 ± 14 mm), with an asymptote occurring at 26.2 

623 years. The bottom panel (b) displays results when using catchable-sized age-1 fish (average 230 ± 15 

624 mm), but presents the minimum number of observed females since these simulations did not result in 

625 eradication. Error bars indicate 95% confidence intervals derived from 10 Monte Carlo replicates. For 

626 reference, the simulated baseline number of age-1+ Brook Trout in Sullivan Creek is approximately 

627 11,000. Average number of females in the population prior to treatment is approximately 12,800.

628 Figure 3: Comparison of simulations using mechanical removal plus YY male fish to eradicate non-native 

629 Brook Trout in the Sullivan Creek Basin in Washington State. Suppression treatment began at year 20; 

630 releases of YY males began at year 23. Four times as many YY males were released in the fingerling 

631 scenario (body size = 137 ± 14 mm) as in the catchable scenario (230 ± 15 mm). The top panel shows 

632 population size over time, while the bottom panel shows age-specific survival during the first five years 

633 of stocking. Catchable YY males were mature upon release and therefore induced a stronger immediate 

634 effect on sex ratio than fingerlings. Catchable scenarios did not completely eradicate Brook Trout, 

635 however, because they did not increase density-dependent mortality upon young, mature wild Brook 
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636 Trout as occurred with the stocking of fingerling YY males. Differences in survival between scenarios 

637 were due primarily to density-dependence resulting from competition with YY males. Results shown are 

638 averages across 10 Monte Carlo replicates. 

639 Figure 4: Effect of suppression schedule on time to eradication of a simulated Brook Trout population in 

640 the Sullivan Creek Basin in Washington State under a range of suppression mortality scenarios. The gray 

641 vertical line indicates the empirically derived capture probability (0.85). Solid lines represent exponential 

642 decay curves fit to the output data, while dotted lines indicate 95% confidence bands. 

643 Figure 5: Effect of varying the number of locations from which YY male Brook Trout were released in the 

644 Sullivan Creek Basin in Washington State. Solid lines represent mean values derived from 10 Monte 

645 Carlo replicates, and polygons indicate 95% confidence bands. Release locations were selected based on 

646 proximity to one another and on known Brook Trout density. The top panel omits the final half of the 

647 simulation to provide greater resolution and because the populations maintain a steady state after year 

648 60. Suppression treatment began at year 20; releases of YY males began at year 23.

649 Figure 6: Simulation results (± SD) indicating the effect of the proportion of YY fingerlings that are 

650 reproductively mature at release on the amount of treatment time required to eradicate a population of 

651 Brook Trout in the Sullivan Creek Basin in Washington State. Suppression treatment began at year 20; 

652 releases of YY males began at year 23. Overall, adding 50% mature fingerlings reduced time to 

653 eradication by an average of 37%. The bottom panel provides additional detail on the number of 

654 individuals containing each chromosomal arrangement over time.  
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Simulation extent and stocking locations for the Brook Trout TYC model in the Sullivan Creek Basin in 
northeastern Washington State, USA. Light grey shading along Sullivan Creek represents the treatment 
extent and the current range of Brook Trout in Sullivan Creek. Triangles indicate release locations for YY 

male Brook Trout for simulations that tested for effects of the number of release locations used. This map 
was created using ArcGIS Desktop version 10.6. 
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Simulation results from a YY male Brook Trout suppression program in the Sullivan Creek Basin in 
Washington State. The x-axis represents the number of YY males released relative to the size of the baseline 
number of age-1+ fish in the population. The top panel (a) displays the amount of time required to achieve 

eradication using fingerling-sized fish (137 ± 14 mm), with an asymptote occurring at 26.2 years. The 
bottom panel (b) displays results when using catchable-sized age-1 fish (average 230 ± 15 mm), but 

presents the minimum number of observed females since these simulations did not result in eradication. 
Error bars indicate 95% confidence intervals derived from 10 Monte Carlo replicates. For reference, the 
simulated baseline number of age-1+ Brook Trout in Sullivan Creek is approximately 11,000. Average 

number of females in the population prior to treatment is approximately 12,800. 
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Comparison of simulations using mechanical removal plus YY male fish to eradicate non-native Brook Trout 
in the Sullivan Creek Basin in Washington State. Suppression treatment began at year 20; releases of YY 

males began at year 23. Four times as many YY males were released in the fingerling scenario (body size = 
137 ± 14 mm) as in the catchable scenario (230 ± 15 mm). The top panel shows population size over time, 

while the bottom panel shows age-specific survival during the first five years of stocking. Catchable YY 
males were mature upon release and therefore induced a stronger immediate effect on sex ratio than 

fingerlings. Catchable scenarios did not completely eradicate Brook Trout, however, because they did not 
increase density-dependent mortality upon young, mature wild Brook Trout as occurred with the stocking of 

fingerling YY males. Differences in survival between scenarios were due primarily to density-dependence 
resulting from competition with YY males. Results shown are averages across 10 Monte Carlo replicates. 
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Effect of suppression schedule on time to eradication of a simulated Brook Trout population in the Sullivan 
Creek Basin in Washington State under a range of suppression mortality scenarios. The gray vertical line 

indicates the empirically derived capture probability (0.85). Solid lines represent exponential decay curves 
fit to the output data, while dotted lines indicate 95% confidence bands. 
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Effect of varying the number of locations from which YY male Brook Trout were released in the Sullivan 
Creek Basin in Washington State. Solid lines represent mean values derived from 10 Monte Carlo replicates, 

and polygons indicate 95% confidence bands. Release locations were selected based on proximity to one 
another and on known Brook Trout density. The top panel omits the final half of the simulation to provide 

greater resolution and because the populations maintain a steady state after year 60. Suppression 
treatment began at year 20; releases of YY males began at year 23. 
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Simulation results (± SD) indicating the effect of the proportion of YY fingerlings that are reproductively 
mature at release on the amount of treatment time required to eradicate a population of Brook Trout in the 
Sullivan Creek Basin in Washington State. Suppression treatment began at year 20; releases of YY males 
began at year 23. Overall, adding 50% mature fingerlings reduced time to eradication by an average of 

37%. The bottom panel provides additional detail on the number of individuals containing each chromosomal 
arrangement over time. 
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