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Abstract  30 

We estimated total mortality using catch curves based on relative return rates 31 

(RRs) of coded wire tagged lake trout in US waters of Lake Huron.  RR was calculated as 32 

age specific CPUE per million of fish stocked.  Annual mortality for the late 1990s 33 

through early 2000s was estimated as 38% from the 1991-1995 year-classes with an 34 

effective age range of 5-10 years, and then was estimated as 24% for the post-2000 35 

period from the 1996-2009 year-classes.  The two estimates from simple catch curve 36 

regressions based on average RR at age values were the same as from a mixed model 37 

with individual RR values from all stocking events.   These two estimates were also 38 

comparable to the findings from statistical catch-at-age assessments with fundamentally 39 

different assumptions.  Our approach is not constrained by the assumption that the 40 

expected recruitment is a constant over time and thus has the advantage to use multiple 41 

observations on each age from multiple cohorts.  Our approach has broad applicability to 42 

aquatic ecosystems in which multiple mark-and-release events of fish stocking have been 43 

implemented. 44 

 45 

Key Words:  Lake Huron, lake trout strains, coded wire tags, mortality, catch curve 46 

regression 47 
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Introduction 48 

Catch-curve regression is a standard method for estimating total mortality of a 49 

fish population (Ricker 1975; Hilborn and Walters 1992), although more advanced stock 50 

assessments can be used to estimate mortality through time and by fish age (Maunder and 51 

Punt 2013; Methot and Wetzel 2013; Aeberhard et al. 2018).  The strength of catch-curve 52 

regression is its straightforward visualization of catch-at-age data to provide statistical 53 

measures of abundance decline over time.  Major assumptions are also involved in the 54 

conventional catch-curve regression, such as the age composition of fish samples is 55 

unbiased, the expected recruitment is a constant over time, and mortality is also constant 56 

over ages and time.   Many reviews of catch-curve analyses are available, and the 57 

methods continue to be updated (Dunn et al. 2002; Maceina 2007; Thorson and Prager 58 

2011; Smith et al. 2012; Millar 2015).   59 

In the Laurentian Great Lakes, lake trout populations were reestablished by 60 

stocking hatchery-reared juveniles since the late 1960s or early 1970s, along with 61 

concurrent controls of sea lamprey abundance and fishery harvest (Eshenroder et al. 62 

1995; Muir et al. 2012).  Multiple genetic strains from remnant Great Lakes populations 63 

and adjacent inland lakes have been used in the rehabilitation program (e.g., Ebener 64 

1998).  The rate of post-stocking survival has been evaluated using relative return rate 65 

(Hansen et al. 1994; Wilberg et al. 2002; Madenjian et al. 2004; He et al. 2012; Kornis et 66 

al. 2019), and the relative return rate (RR) has also been used sometimes to indicate 67 

intensity of adult mortality (Adams et al. 2003), even though RR itself is not an estimate 68 

of either pre-recruitment mortality or adult mortality. 69 
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To illustrate the RR concept and its common applications in the Great Lakes, we 70 

provide an update of the recent Lake Huron example (He et al. 2012) in Appendix 1, with 71 

calculations as the follows: 72 

𝑅𝑅𝑎,𝑖 =  
𝐶𝑃𝑈𝐸𝑎,𝑖

𝑁𝑖
               (1a) 73 

𝑅𝑅𝑎,𝑦 =  
𝐶𝑃𝑈𝐸𝑎,𝑦

𝑁𝑦−𝑎
                       (1b) 74 

where, 𝑅𝑅𝑎,𝑖 represents the relative return rate from year-class i at age a; 𝐶𝑃𝑈𝐸𝑎,𝑖 is the 75 

catch per unit of effort from the year-class i at age a; and 𝑁𝑖 is the number of fish stocked 76 

for the year-class i in million.  Eqs. 1a and 1b are interchangeable for alternative 77 

presentations, with 𝑖 = 𝑦 − 𝑎 and y denoting the sampling year.  In general, the subscript 78 

i could be used to denote a stocking event within a year-class, such as stocking fall 79 

fingerlings or spring yearlings for a year-class in two consecutive years, or stocking at 80 

multiple locations for a same year-class in a year.   In those cases, 𝑁𝑖 is the number of 81 

fish stocked for a stocking event, and 𝑅𝑅𝑎,𝑖 is specific to the fish cohort from the stocking 82 

event. 83 

Note that when the relative return rates for several year-classes are tracked over 84 

ages within a period of years, a corresponding catch-curve regression will allow for 85 

differences in recruitment among the year-classes, because the calculation of relative 86 

return rate is adjusted for survey effort in the capture year and for the number of fish 87 

stocked.  To the best of our knowledge, however, no previous study has used the relative 88 

return rate as defined in Eq. 1 to develop a catch-curve regression allowing for multiple 89 

observations on each age from multiple cohorts. 90 

Management agencies across the Great Lakes, including the main basin of Lake 91 

Huron, have used statistical catch-at-age (SCAA) models to assess lake trout status and 92 
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trends (Sitar et al. 1999; Linton et al. 2007; Brenden et al. 2011).   These SCAA 93 

assessments have integrated multiple data sources from commercial and recreational 94 

fisheries and major fishery-independent surveys, but often assume all lake trout in a lake 95 

were identical and do not account for differences in genetic strain, and their origin 96 

(hatchery reared versus wild born). 97 

In this paper, we evaluated returns of coded wire tagged (CWT) lake trout 98 

(Jefferts et al 1963; Elrod and Schneider 1986) to the fishery-independent annual spring 99 

gillnetting surveys in US waters of Lake Huron.  We tracked the relative return rate over 100 

ages and years for every stocking event, and we also calculated the total return rate across 101 

all ages-and-years from a total number of fish tagged-and-stocked.  Our original goal was 102 

to estimate the variability in mortality rates across lake trout strains using catch-curve 103 

regressions based on relative return rates, assuming sufficiently high total return rates for 104 

several lake trout strains.  Unfortunately, total return rates were too low to allow for 105 

robust catch-curve regressions for all but one strain of lake trout.  We therefore focused 106 

on the evaluation of adult mortality for that lake trout strain but also explored reasons for 107 

the relatively low total return rates for the other strains.   108 

We have three objectives in this paper: (i) to develop and apply the catch-curve 109 

regression based on relative return rates, (ii) to evaluate whether mortality estimates from 110 

our catch-curve regressions are comparable with the estimates from SCAA assessments, 111 

and (iii) to use our findings to understand status and trends of the lake trout population in 112 

two periods of years.  In the main basin of Lake Huron, the abundance of adult lake trout 113 

rapidly increased during the late 1990s through the early 2000s (He 2019; He et al. 2020; 114 

Lenart et al. 2020).  After 2000, Lake Huron’s food web was substantially altered 115 
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(Vanderploeg et al. 2002; Barbiero et al. 2011; Madenjian et al. 2013; He et al. 2015, 116 

2016, 2020; Rudstam et al. 2020), including the collapse of a dominant prey fish 117 

population, the alewife (Riley et al. 2008).  Meanwhile, the recruitment of wild born lake 118 

trout became widespread (Riley et al. 2007; He et al. 2012; Johnson et al. 2015), but the 119 

concurrent declines in post-release survival of hatchery-reared lake trout were dramatic 120 

(Appendix 1).  We hypothesized that during the rapid increases of lake trout abundance 121 

prior to the middle of 2000s, total annual mortality must have been less than the 122 

maximum limit for maintaining a population of this fish species (Healey 1978; Nieland et 123 

al. 2008), and that for the post-2000 period the total mortality must have declined to be 124 

further below such a limit, given that adult abundance did not decline rapidly after the 125 

large decline in recruitment. 126 

 127 

Materials and Methods 128 

The Michigan Department of Natural Resources (MDNR) has been conducting 129 

annual fishery-independent surveys in US waters of Lake Huron since 1970 (He 2019).  130 

Within each nearshore area (Figure 1), cross-contour transects were sampled for lake 131 

trout across a depth range approximately 10-60 m, typically during late April to early 132 

June.  The survey used multifilament nylon gillnets, with each net consisting of nine 133 

panels of 1.83 m tall by 30.48 m long and stretched mesh sizes ranging from 50.8 to 134 

152.4 mm in 12.7mm increments.  The mesh sizes were in consecutive order of panels 135 

and were not randomized.  The nets were set on the lake bottom and lifted after one night.    136 

The U.S. Fish and Wildlife Service reared nearly all lake trout stocked into US 137 

waters of Lake Huron, although the MDNR also stocked some lake trout in US waters, 138 
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and the Ontario Ministry of Natural Resources stocked lake trout in Canadian waters.  All 139 

lake trout stocked from all hatcheries (0.5-2.0 million a year) received a fin clip to denote 140 

that they were of hatchery origin (Eshenroder et al. 1995; Ebener 1998).  For the 1985-141 

2009 year-classes, 14% of fall fingerlings and 21% of spring yearlings were manually 142 

tagged with coded wire tags (CWT) and received adipose fin clip (AD).  The ADCWT 143 

proportion varied among year-classes, but every tag lot unambiguously denoted stocking 144 

location, life stage, genetic strain, year-class, hatchery, and the numbers of fish tagged 145 

and released (Bronte et al. 2006).   Since the 2010 year-class, all hatchery-reared lake 146 

trout received ADCWT delivered by automated tagging trailers (Bronte et al. 2012; 147 

Kornis et al. 2016).   148 

ADCWT lake trout caught in the MDNR annual surveys were all traced back to 149 

their stocking events individually.  We only used ADCWT returns to the MDNR surveys, 150 

because for the analyses of relative return rate, the returns to recreational and commercial 151 

fisheries could not be adjusted for uncertain fishing effort, and it was also hard to 152 

standardize all other fishery independent survey efforts in the lake.  The MDNR survey 153 

covered the US nearshore waters from the north to the south of Lake Huron and sampled 154 

similar locations almost every year.  We used ADCWT returns from the entire survey 155 

area rather than just from those sampling sites nearby to stocking locations, because the 156 

surveys were not in the spawning season and lake trout spatial migration is substantial 157 

(Adlerstein et al. 2007; Kornis et al. 2020).    158 

Our analyses in this paper included the 1985-2009 year-classes of ADCWT lake 159 

trout.  These year-classes were stocked mostly as spring yearlings (SY, about 17 months 160 

old), but fall fingerlings (FF, about 10 months old) were also used some years.  There 161 
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were nine genetic strains of hatchery-reared lake trout that were released in Lake Huron 162 

for these year-classes, including Jenny Lake (JL), Lewis Lake (LL), Lake Ontario (LO), 163 

Seneca Lake (SL), Marquette (MA), and Apostle Island Lake Superior (SA), Isle Royale 164 

Lake Superior (SI), Traverse Island Lake Superior (ST), and also Lake Superior fish 165 

(SM) that were likely Marquette strain.  JL and LL had the same genetic origin (Ihssen et 166 

al. 1988; Bronte et al. 2007; Lantry et al. 2008).  LO was likely a combination of multiple 167 

genetic strains (Elrod et al. 1996; Lantry et al. 2008).  Strain composition of annual 168 

stocking varied over years, and not all genetic strains contributed to the releases each 169 

year.   170 

For our model development and applications, we explored data availability from 171 

all stocking events with ADCWT lake trout.  We summarized the total numbers released 172 

by year-class, and the total numbers of returns by year.  We also summarized three 173 

statistics broken down by genetic strain, life stage (FF or SY), and stocking location, 174 

including the total numbers stocked, the total numbers of returns, and the total return 175 

rates.    176 

From the above summaries, only LL yearlings stocked in US nearshore waters 177 

generated enough ADCWT returns, for which the analyses of relative return rates were 178 

conducted completely.  The effective age range for the analyses of relative return rates 179 

and a meaningful catch-curve regression was typically 5-10 years.  This was because LL 180 

lake trout did not fully recruit to the survey gear until they reached five years old, and 181 

survivors older than 10 years of age were relatively few (Figure 2).  Given this effective 182 

age range of 5-10 years, we used the 1991-1995 year-classes to represent a period of the 183 

late 1990s through the early 2000s, during which lake trout adult abundance rapidly 184 
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increased (He et al. 2012, 2020; Lenart et al. 2020), and the 1996-2009 year-classes to 185 

represent the post-2000 period, during which the food-web of Lake Huron was 186 

dramatically altered (Vanderploeg et al. 2002; Barbiero et al. 2011; Madenjian et al. 187 

2013; He et al. 2015, 2016, 2020; Rudstam et al. 2020), and the recruitment of wild-born 188 

lake trout became widespread (Riley et al. 2007; He et al. 2012; Johnson et al. 2015). 189 

For each of the two time periods we analyzed relative return rates from all 190 

stocking events of LL lake trout stocked as yearlings with ADCWT in US nearshore 191 

waters.  We calculated RR for each combination of stocking event and the age of lake 192 

trout.  The age of every ADCWT lake trout at capture was calculated as the difference 193 

between the capture year and the year-class for the corresponding stocking event.  Age 194 

specific catch per unit of effort (𝐶𝑃𝑈𝐸𝑎,𝑖) was calculated as: 195 

   𝐶𝑃𝑈𝐸𝑎,𝑖 = 𝑛𝑎,𝑖 𝐸𝑦⁄             (2) 196 

where 𝑛𝑎,𝑖 is the number of returns at age a from a stocking event i, and 𝐸𝑦 is the total 197 

survey gillnetting effort in the year (y) of fish capture.  Accordingly, the relative return 198 

rate (𝑅𝑅𝑎,𝑖) from Eq. 1 was calculated for a stocking event i, and 𝑁𝑖 is the total number of 199 

fish tagged and released for the stocking event.   For all data analyzed in this paper, 200 

survey gillnetting effort varied among years in the range of 43,200-105,300 ft, the 201 

number of LL yearlings with ADCWT varied among all stocking events in the range of 202 

25,700-64,800 fish, and the unit of RR was the number of fish caught per 100,000 ft 203 

(30480 m) of gillnet per 1,000,000 of fish tagged and released.    204 

We adapted a commonly used right truncation rule (Dunn et al. 2002; Smith et al. 205 

2012) to restrict our use of RR values in subsequent catch-curve analyses.   The fish 206 

cohort from a stocking event was dropped from further analyses if ADCWT lake trout 207 
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were not caught at age 5.  Also, for each stocking event, only contiguous non-zero RR 208 

values were used in further analyses.  We evaluated the right truncation rule with our 209 

data.  When those ages with no ADCWT returns were treated as effective data points, we 210 

added a small constant to all data points prior to log transformation.  We then plotted log 211 

transformation of individual RR value versus age for all stocking events within each of 212 

the two periods (Figure 3).  From the data plots, a regression line would be misled by 213 

those false data points, and the regression slope (mortality estimate) would be dependent 214 

on the constant added to all data points prior to log transformation.  We decided that for 215 

each fish cohort from a stocking event, the age with no ADCWT returns was an 216 

influential data point that should be excluded based on standard diagnostics of a linear 217 

regression.  The right truncation rule means that we excluded all subsequent ages of the 218 

cohort from a stocking event after the first zero was encountered. 219 

We conducted a simple catch-curve regression based on average RR for each lake 220 

trout age within a group of year-classes that were used to represent a time period.  We 221 

took each fish cohort from a stocking event as a subgroup and calculated average RR for 222 

each lake trout age over those subgroups.  Note that, because of the right truncation rule 223 

in using individual RR values, the number of subgroups was not always equal for every 224 

age of lake trout.  The logarithm of average RR was then linearly regressed against age 225 

separately for each time period to obtain mortality estimates. 226 

We also developed a mixed model to conduct catch-curve regression based on 227 

logarithm of individual RR values of all stocking events that were used to calculate the 228 

average RR at age values for conducting the simple catch-curve regression.  We 229 

considered that individual RR values could be different among stocking events or year-230 
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classes because of their differences in early life mortality, and that variation in 231 

catchability among sampling years could also add differences to individual RR values.  232 

Those random variations, however, do not contribute to adult mortality of lake trout, and 233 

thus we interpreted the individual RR value from a stocking event (𝑅𝑅𝑎,𝑖) as a product of 234 

the average RR at age value (𝑅𝑅𝑎,𝑎𝑣𝑔) and a multiplicative error ε: 235 

𝑅𝑅𝑎,𝑖 =  𝑅𝑅𝑎,𝑎𝑣𝑔 × 𝜀  with 𝜀 > 0    (3)  236 

Such that to predict the logarithm of RR as a linear function of age, the multiplicative 237 

error after log transformation can be understood as random effect on the intercept, plus a 238 

residual error of prediction.  Also note that a simple catch-curve regression can be 239 

conducted based on average RR at age values, and it does not need to consider random 240 

effect on individual RR values.  In contrast, to conduct a catch-curve regression based on 241 

individual RR values from all stocking events, the random effect should be clarified, 242 

estimated, and separated from residual errors of predictions.  Otherwise, the regression 243 

slope will be altered by random effect on the intercept and the mortality estimate will be 244 

misled.  To develop the mixed model, we used Akaike information criterion (AIC; 245 

Burnham and Anderson 2002) to compare and select alternative model structures (Table 246 

1).   We first compared models with only fixed effect to decide whether the intercept, or 247 

the slope, or both the intercept and slope were different between the two time periods.  248 

Then, building the best fixed-effect model, we compared alternative mixed models step 249 

by step to evaluate random effect of stocking event, year-class, and sampling year on the 250 

intercept, with the considerations that a year-class may include several stocking events, 251 

and that fish caught at a same age from different year-classes were captured in different 252 

years.   253 
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We used 50% confidence intervals to evaluate whether mortality estimates were 254 

the same from the simple catch-curve regression and the best mixed model.  We also 255 

examined whether mortality estimates were similar among other plausible mixed models 256 

(ΔAIC < 4).  We interpreted the negative of the regression slope as the instantaneous 257 

mortality (Z) for the lake trout population in a period of years, from which annual 258 

survival rate (𝑆 =  𝑒−𝑍) and annual proportional mortality (𝐴 = 1 − 𝑒−𝑍) were 259 

calculated.  From the mixed models, Z was calculated as the negative sum of the 260 

coefficients for the age effect and the age-by-period interaction effect.   261 

Rigorous comparison of catch curve mortality with SCAA mortality is 262 

problematic, because these two assessment approaches are based on fundamentally 263 

different assumptions.  For Lake Huron lake trout, the current SCAA assessments 264 

estimated time-varying catchability, time-varying selectivity, and age-and-year specific 265 

mortality (He et al. 2020).  Nonetheless, we evaluated general comparability between the 266 

two assessment approaches as we believed that the mortality estimates from both 267 

approaches should be adequate in reflecting the population status, and both can be used to 268 

guide fisheries management.  From the SCAA assessments in northern and southern Lake 269 

Huron separately (He et al. 2020; Lenart et al. 2020), we calculated the average of age 5-270 

10 mortalities during 1995-2005 and the average of age 5-10 mortalities after 2000.  The 271 

age range of 5-10 corresponded with the age range in the catch curve regressions.  Thus, 272 

the averages of mortality estimates from the SCAA assessments should be comparable 273 

with the estimates from the catch-curve regressions based on relative return rates of 274 

ADCWT lake trout. 275 

 276 
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Results  277 

The number of ADCWT lake trout from 1985 through 2009 year-classes varied 278 

between 118,700 and 565,300 fish and averaged at 326,841 a year (Figure 4a).  Fall 279 

fingerlings were not stocked every year, hence only 745,529 ADCWT fingerlings were 280 

stocked in comparison with 7,425,487 ADCWT yearlings.  The ADCWT returns 281 

increased during the late 1990s through the early 2000s, and declined thereafter (Figure 282 

4b), which reflected changes in lake trout abundance, although the tag returns were not 283 

directly proportional to lake trout abundances.    284 

The top three genetic strains of ADCWT lake trout stocked were 1.66 million 285 

Marquette (MA) strain, 2.36 million Lewis Lake (LL) strain, and 2.4 million Seneca Lake 286 

(SL) strain (Figure 5a).  The highest total return rate was 0.75 per 1,000 stocked for LL 287 

yearlings (Figure 5b), in comparison with 0.00-0.22 per 1,000 stocked for other strains as 288 

spring yearlings or fall fingerlings.   289 

ADCWT lake trout were not evenly released in all areas of the lake.  A total of 290 

2.95 million were released at Drummond Island refuge, 3.10 million were released at Six 291 

Fathom Bank, an offshore reef refuge, and only 1.75 million were released in the four 292 

nearshore areas of US waters (Figure 6a).  Stocking location appeared to be very decisive 293 

to influence the total return rate of ADCWT lake trout based on the MDNR annual spring 294 

gillnetting surveys (Figure 6b).  In our dataset, Drummond Island stocking accounted 295 

52% for all SL lake trout with ADCWT in the lake.  The offshore reef stocking accounted 296 

48% for all SL lake trout with ADCWT in the lake.  In the four nearshore areas of US 297 

waters, ADCWT lake trout released were all LL yearlings. 298 
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From the simple catch-curve regression, based on age-specific average relative 299 

return rate for LL yearlings stocked in US nearshore waters, the estimated instantaneous 300 

mortality rate (Z) with 95% confidence interval was 0.48 (0.38, 0.59) per year from 1991-301 

1995 year-classes (Figure 7a), and  0.27 (0.22, 0.32) per year from 1996-2009 year-302 

classes (Figure 7b).  These two estimates were comparable with mortality estimates from 303 

SCAA assessments (Figure 7c-d), although for the first time period the catch-curve 304 

estimate was from data of only three year-classes, so the estimate had higher uncertainty 305 

compared to the SCAA estimates, and for the second period the catch-curve estimate was 306 

similar only with SCAA estimate for northern Lake Huron.   307 

Based on individual RR values for all stocking events, AIC comparison of 308 

alternative model structures supported different average intercepts and different slopes 309 

for the linear relationship of log RR with lake trout age for the two groups of year-classes 310 

that were used to represent two time periods (Table 1).  The AIC comparison also 311 

supported random variation of intercepts among year-classes, as all plausible models 312 

(ΔAIC < 4) included a random year-class effect.  The lowest AIC model also included a 313 

random effect of sampling year suggesting that catchability might have varied among 314 

years, although the AIC for this model was only slightly lower than the model with only a 315 

random year class effect (Table 1).  From the mixed model with the lowest AIC, 316 

mortality (Z) was estimated as 0.52 for the first time period and 0.28 for the second 317 

period (Table 1).  These two estimates were each within the 50% confidence intervals for 318 

a corresponding estimate from the simple catch-curve regression: 0.48 (0.45, 0.52) from 319 

the 1991-1995 year-classes, and 0.27 (0.25, 0.28) from the 1996-2009 year-classes 320 

(Figure 5).  From the other two mixed models with almost the same AIC (ΔAIC <2), 321 
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mortality estimates were 0.53 and 0.54 for the first time period, and was 0.31 for the 322 

second time period, only slightly exceeded the above 50% confidence intervals.  The 323 

95% confidence intervals for the two estimates from the simple catch-curve regression 324 

were 0.48 (0.38, 0.59) for the first time period, and 0.27 (0.22, 0.32) for the second time 325 

period, which were translated to annual mortality rate of 38% (31%, 45%) for the late 326 

1990s through the early 2000s, and 24% (20%, 27%) for the post-2000 period.   327 

 328 

Discussion 329 

Based on relative return rate of ADCWT lake trout, our catch-curve regression 330 

provided further support for mortality estimates from SCAA assessments.   Future 331 

investigations on our approach to catch-curve regression should further clarify the best 332 

use of data.  Smith et al (2012) emphasized the variance weighted regression and 333 

downplayed the implementation of right truncation rule.  In our analyses, when the right 334 

truncation rule was loosely implemented (all non-zero individual RR values within the 335 

effective age range of 5-10 years were used, and from each stocking event only a age 336 

with no ADCWT returns was dropped), the lowest AIC model only included random 337 

effect of year-class on the intercept, and also supported different residual variances for 338 

each age, so that model was variance weighted.  That difference in data use and final 339 

model selection provided mortality (Z) estimates as 0.52 for the first time period, and 340 

0.33 for the second period.  The estimate for the second time period was between the 341 

SCAA estimates for northern and southern Lake Huron.  When we truncated out all 342 

subsequent ages of the cohort from a stocking event after the first zero was encountered 343 



  

 16 

(the right truncation rule), AIC comparison did not support different residual variances 344 

for each age, and mortality estimate for the second time period was 0.28 (Table 1).   345 

From our findings, the catch-curve regression and SCAA assessment both can be 346 

applied to address the important management concern on fish mortality, although they 347 

have fundamentally different assumptions.  The estimated annual mortality of 24% in 348 

recent years seems very low in comparison with the history of lake trout population in 349 

Lake Huron, but it is consistent with our empirical observation and ecological 350 

understanding.  For lake trout in the main basin of Lake Huron, non-fishing mortality 351 

includes two components: background natural mortality and sea lamprey (Petromyzon 352 

marinus) predation mortality (Sitar et al. 1999; He et al. 2020).  The sea lamprey 353 

predation mortality has been reduced to be less than 0.05 through persistent efforts to 354 

control sea lamprey abundance (Nowicki et al. 2020).  The background natural mortality 355 

has been estimated with prior information in the SCAA assessments, including the mean 356 

and SD on log scale.  An informative prior, [ln(0.10), 0.057], is from previous studies in 357 

Lake Huron and Lake Ontario (Sitar et al. 1999; Brenden et al. 2011).  Keeping all other 358 

things the same in the SCAA assessments, and using an uninformative or much less 359 

informative prior, [ln(0.20), 0.20], to replace the above informative prior, the natural 360 

mortality was still estimated about 0.10, as predicted by using the current maximum age 361 

over 30 (Hoenig 1983; Hewitt and Hoenig 2005).  Given the non-fishing mortality of 362 

0.15 or less, and the observation that the recent adult abundance did not rapidly decline in 363 

northern Lake Huron after the dramatic drop in overall recruitment, the estimate of 364 

annual mortality (A) of 24% is reasonable in reflecting the current stock status and 365 

fishery management (He et al. 2020).  With much higher and relatively stable 366 
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recruitment, previous studies have suggested that lake trout population and production is 367 

sustainable with annual mortality below 50% (Healey 1978) or about 40% (Nieland et al. 368 

2008).   From Hansen et al. (2021), lake trout annual mortality (A) varied from 0.026 to 369 

0.792 among 248 populations in North America, with 50% of populations varying 370 

between 0.130 and 0.296, and 95% varying between 0.071 and 0.660, and the mean was 371 

lower for native (0.237, SE = 0.0097, n = 235) than for non-native (0.360, SE = 0.041, n 372 

= 13) populations. 373 

The estimated adult mortality for Lewis Lake strain lake trout from our catch 374 

curve regression was similar with the estimated average adult mortality of all genetic 375 

strains of lake trout included in the SCAA assessments.  This finding implies that, with 376 

effective control of sea lamprey abundance and reduction of sea lamprey predation 377 

mortality, a major difference in the performance of all lake trout strains in the lake should 378 

be at their early life stage, and at post-release survival for hatchery reared lake trout.  In 379 

that regard, genetic diversity and habitat diversity, as well as the connection between 380 

nearshore and offshore productions should continue to be in the central concern of future 381 

management of lake trout rehabilitation and lake trout fisheries (e.g., Hecky et al. 2004; 382 

Muir et al. 2016).  For example, Adams Point was the stocking area with the highest total 383 

return rate to the MDNR annual surveys, and this area also produced the highest wild 384 

recruitment in recent assessments (He 2019).  This area may have benefited from a close 385 

connection to deeper water nursery habitats for juvenile lake trout, a topography similar 386 

as the situation for juvenile lake trout from the Gull Island Shoal complex in Lake 387 

Superior (Bronte et al. 1995).  In future investigations, location effects should be included 388 

in paired comparisons of the performance of all lake trout strains.  389 
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Our long-term data set did not allow us to directly compare subpopulation 390 

parameters among lake trout strains stocked into Lake Huron, due to the unbalanced 391 

temporal and spatial nature of the stocking program.  Genetic studies have shown that 392 

wild-born lake trout in the main basin of Lake Huron were produced mostly by Seneca 393 

Lake strain (Scribner et al. 2018), and a similar observation was also reported in Lake 394 

Michigan (Larson  et al. 2021).   In Lake Huron, those observations can be explained by 395 

the stocking history that Seneca Lake strain was the dominant strain stocked in the 396 

Drummond Island and offshore reef areas but was not stocked in US nearshore waters, 397 

where the long-term MDNR survey has been conducted.  It is also the case that the Lewis 398 

Lake strain was never stocked in the Drummond Island area where most of the first pulse 399 

of wild recruitment occurred.   Future investigations of subpopulation parameters of 400 

major genetic strains of lake trout, including adult mortality and early-life survival to a 401 

critical life stage, could contrast results from different approaches to fish spatial 402 

distribution and movement.  For example: 1) using lake wide return of ADCWT lake 403 

trout released in only one area of the lake, 2) using region specific return of ADCWT 404 

lake trout released lake wide, and 3) using the return of ADCWT lake trout to a stocking-405 

and-spawning site based on fall (spawning season) surveys.   406 

Comparisons of lake trout strains could be substantially influenced by other major 407 

factors such as stocking year, stocking location, and life stage at stocking.  Many paired-408 

stocking experiments have already been conducted to compare survival of fall fingerlings 409 

versus spring yearlings.  Pycha and King (1967) found that the fall fingerling to spring 410 

yearling survival rate was 15-26% in Lake Superior.  Kornis and Bronte (unpublished 411 

data) found that this survival rate was 33% in Lake Michigan.   Elrod et al (1988) found 412 
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that the survival rate was 40% in Lake Ontario.  Current lake trout stock assessments in 413 

the Great Lakes all assumed 40% equivalence of fingerling stocking to yearling stocking 414 

(Sitar et al. 1999; Linton et al. 2007; Brenden et al. 2011).  From the data used in this 415 

paper, we compared total return rate between ADCWT lake trout stocked as fall 416 

fingerlings and as spring yearlings, with all lake trout strains and all over-year stocking 417 

events combined.   We found that the total return rate was 0.13 per 1,000 fall fingerlings 418 

stocked, and 0.30 per 1,000 spring yearlings stocked, which suggested that the fingerling-419 

to-yearling survival rate was 43%.  Unfortunately, the data did not allow us to sort out 420 

potential effects of all other major factors, such as stocking year, stocking location, and 421 

genetic strain of lake trout.   422 

In future applications, our new catch-curve regression could be further refined by 423 

incorporating survey selectivity (Hansen et al 1997), following the approach of Thorson 424 

and Prager (2011).  This potential refinement will demand some complex computations 425 

because the age-specific selectivity from the current SCAA assessments for lake trout in 426 

the main basin of Lake Huron has been estimated as time-varying over years (He et al. 427 

2020).  See also the review and recommendation of Smith et al (2012) for standard catch 428 

curve analyses. 429 

We anticipate that our approach to catch-curve regression based on relative return 430 

rates will be broadly applied in future investigations.  Propagated fish have long become 431 

an integral part of fisheries almost everywhere (Nickum et al. 2005).  Lake trout 432 

management in the Laurentian Great Lakes is just one example of the programs practiced 433 

throughout the world that fish culture and stocking programs have played a central role 434 

for recoveries of depleted fish populations.  We believe that major issues on genetic 435 
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integrity and diversity with fish culture and stocking programs, and fishery harvest of 436 

mixed fish stocks in general, can be better investigated with standard assessments of 437 

population and subpopulation parameters including reliable estimates of adult mortality 438 

and survival to a critical early-life stage.  Our application in this paper has the advantage 439 

that the age and year-class of every ADCWT fish is known, with little error.  To apply 440 

such methods in cases where fish released from hatcheries are identified only by 441 

rotational fin clips as opposed to ADCWT, it is important that aging structures (e.g. 442 

maxilla or otolith section) be collected along with fin clip data so as to narrow down the 443 

true age of individual fish (Wellenkamp et al. 2015).  Our results suggest that the 444 

estimate of average population mortality was not compromised by year-to-year variations 445 

in catchability, selectivity and mortality.  This is likely because of careful and justified 446 

choice of time blocks and most importantly, our application of catch curves to cohorts of 447 

essentially known recruitment thereby avoiding the unrealistic assumption of expected 448 

recruitment to be a constant, which is critical for the use of conventional catch-curve 449 

analyses.  Overall, our approach to catch-curve regression based on relative return rates 450 

has broad applicability to aquatic ecosystems in which multiple mark-and-release events 451 

of fish stocking have been implemented as integral parts of management programs.     452 
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Table Caption 684 

 685 

 686 

Table 1.  The development of a mixed model using R nlme package with the maximum 687 

likelihood method (Pinheiro et al. 2020), where gls() is a function of generalized 688 

least square, lme() is a function of linear mixed model, lnRR is log transformed 689 

relative return rate, Age is fish age, PD is coded as 0 or 1 for a group of year-690 

classes representing a period of years, YR stands for sampling year, EV stands for 691 

stocking event, YC stands for year-class, and the extent .fc indicates the variable 692 

was treated as a factor. Model presents standard R syntax for models, which are 693 

interpreted in the Description column.   694 
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Table 1. 695 

Step Model Description ΔAIC 

1 gls(lnRR ~ Age) 
the same slope (mortality) for two 
periods 

61.0 

2 gls(lnRR ~ Age + PD : Age) 
only the slope (mortality) differs 
between two periods 

54.7 

3 gls(lnRR ~ Age + PD) 
only the intercept differs between two 
periods 

50.4 

4 gls(lnRR ~ Age * PD) 
both intercept and slope (mortality) are 
different between two periods.  

43.9 

5 
lme(lnRR ~ Age * PD, 

random=list(YR.fc=~1) ) 

random effect of sampling year on 
intercept, and both intercept and slope 
(mortality) differ between two periods 

30.8 

6 
lme(lnRR ~ Age * PD, 

random=list(EV.fc=~1) ) 

random effect of stocking event on 
intercept, and both intercept and slope 
(mortality) differ between two periods 

19.6 

7 
lme(lnRR ~ Age * PD,           

random=list(YC.fc=~1) ) 

random effect of year-class on intercept, 
and both intercept and slope (mortality) 
differ between two periods 

0.74 

8 
lme(lnRR ~ Age * PD, 

random=list(YR.fc=~1, EV.fc=~1) ) 

random effect of sampling year and 
stocking event on intercept, and both 
intercept and slope (mortality) differ 
between two periods 

32.8 

9 
lme(lnRR ~ Age * PD, 

random=list(YC.fc=~1, EV.fc=~1) ) 

random effect of year-class and stocking 
event on intercept, and both intercept 
and slope (mortality) differ between two 
periods 

1.37 

10 
lme(lnRR ~ Age * PD, 

random=list(YC.fc=~1, YR.fc=~1) ) 

random effect of year-class and 
sampling year on intercept, and both 
intercept and slope (mortality) differ 
between two periods 

0.0 

11 
lme(lnRR ~ Age * PD, 

random=list(YC.fc=~1, YR.fc=~1), 

weights=varIdent(form=~1|Age) )     

random effect of year-class and 
sampling year on intercept, both 
intercept and slope (mortality) differ 
between two periods, and residual 
variance differ among age groups 

6.7 

Summary of Model 10 

  Estimate Standard Error DF 

Intercept 9.0912 0.6197 82 

Age -0.5230 0.0631 30 

PD -2.5626 0.8681 7 

Age:PD 0.2395 0.1030 30 

 696 
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Figure captions 697 

 698 

Figure 1.   Statistical districts for fisheries management in Lake Huron, from Smith et al. 699 

(1961) and Ebener (1998).  The boundary between statistical districts of OH-2 and 700 

OH-3, stretching across international boundary to Thunder Bay North Point, is 701 

suggested to be the boundary between MH-2 and MH-3 (He 2019; Lenart et al. 702 

2020).  Black dots approximately represent 14 sampling transects, but one of them is 703 

in the Drummond Island refuge so the dot was not shown.   704 

 705 

Figure 2.  The total number of ADCWT return at age for Lewis Lake strain of lake trout 706 

stocked as yearlings.  (a) From the 1991-1995 year-classes.  (b) From the 1996-2009 707 

year-classes.  708 

 709 

Figure 3.  Log transformed relative return rates [𝑙𝑜𝑔𝑒(𝑅𝑅 + 1)] within the effective age 710 

range of 5-10 years for all individual stocking events (dots), for Lewis Lake strain of 711 

lake trout stocked as yearlings with ADCWT.   Broken lines show the regressions 712 

influenced by violating the right truncation rule and including false data points 713 

(squares) that no ADCWT return was recorded at an age for a stocking event.  (a) 714 

From the 1991-1995 year-classes.  (b) From the 1996-2009 year-classes.  715 

 716 
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Figure captions (continued) 717 

 718 

Figure 4.   a) The numbers of ADCWT spring yearling (YR) and fall fingerling (FF) lake 719 

trout released for a year-class, and b) the numbers of returns of ADCWT fish in a 720 

year. 721 

Figure 5.   a) The numbers of ADCWT yearling (YR) and fall fingerling (FF) of nine 722 

Lake Trout strains released, and b) the total return rate of ADCWT fish for each of 723 

the nine lake trout strains.   724 

Figure 6.   a) The numbers of ADCWT lake trout released in seven locations (and nearby 725 

areas) of Lake Huron, including Ontario waters of the main basin (Ontario), 726 

Drummond Island (DI), offshore reefs including Six Fathom Bank and Yankee Reef 727 

(Offshore), the east of the Thumb (Thumb), from Au Sable Point to South Point of 728 

Thunder Bay (Au Sable Pt.), from North Point of Thunder Bay to Presque Isle 729 

(Presque Is.), from Adams Point to Hammond Bay (Adams Pt.).  b) The total return 730 

rate from ADCWT lake trout stocked in each of these seven locations. 731 

Figure 7.   Catch-curve mortality (CCM) based on relative return rate of Lewis Lake 732 

strain lake trout stocked as yearlings in US nearshore areas of Lake Huron, compared 733 

with averages of age 5-10 mortalities estimated from SCAA assessments for lake 734 

trout population in northern Lake Huron (NLH) and southern Lake Huron (SLH).   735 

(a) The catch-curve regression for 1991-1995 year-classes.  (b) The catch-curve 736 

regression for 1996-2009 year-classes.  (c) Comparisons of three mortality estimates 737 

for the late 1990s through the early 2000s.   The Boxes were 50% confidence 738 



  

 36 

intervals and the bars were 95% confidence intervals, and they were the same for the 739 

next panel.  (d) Comparisons of three mortality estimates for the post-2000 period.  740 
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Figure 1. 741 
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Figure 2. 743 

 744 

 745 
 746 

 747 

Figure 3. 748 
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Figure 4.  753 
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 758 

Figure 5.  759 
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Figure 6. 764 
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Figure 7. 769 
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Appendix 1 Age-7 lake trout per 1,000 ft (304.8 m) of gill nets per 1,000,000 of yearling 776 

equivalent stocked in the main basin of Lake Huron, based on MDNR annual 777 

spring gillnetting surveys, and updated from the analysis in He et al. (2012).  See 778 

also the first analysis on age-5 CPUE per recruit (Wilberg et al. 2002). 779 

 780 
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