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ABSTRACT 

 Lake trout Salvelinus namaycush stocks in Lake Superior collapsed in the 1950s 

due to over-fishing and sea lamprey Petromyzon marinus predation.  Stocks were 

rehabilitated through stocking, sea lamprey control, and fishery regulation, but concern 

over lake trout population sustainability still exists because commercial and recreational 

fishing demand is high relative to productivity and the currently-accepted 42% total 

annual mortality rate has not been tested for sustainability.  My objective was to estimate 

the maximum sustainable rate of total annual mortality for lake trout in the eastern 

Wisconsin waters of Lake Superior.  I developed a dynamic, age-structured population 

model to achieve this objective.  The model was used to estimate mean abundance, 

extinction risk, and time to extinction over ranges of fishing mortality rates and 

commercial and recreational harvest allocations.  Fishing mortality rates were varied to 

simulate a range of total annual mortality that encompassed the currently-accepted limit 

of 42%.  Commercial and recreational harvest were simulated independently from one 

another to account for different patterns of selectivity between large-mesh gill nets, the 

predominant commercial fishing method, and angling, the predominant recreational 

fishing method.  Harvest of the two fisheries was simulated independently by testing 

commercial fishing mortality over a range of values while holding recreational fishing 

mortality at zero, and then testing recreational fishing mortality over a range of values 

while holding commercial fishing mortality at zero.  Natural mortality was modeled as a 

combination of a fixed-base rate and a density-dependent sea lamprey induced mortality 

rate.  Recruitment was modeled as a density-dependent function of adult lake trout 

abundance.  Mean abundance began to decline at a fishing mortality rate of 0.20 for the 
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commercial fishery and 0.29 for the recreational fishery.  Mean abundance began to 

decline at a total annual mortality rate of 42% for the commercial fishery and 47% for the 

recreational fishery.  The risk of extinction began to increase above zero at a fishing 

mortality rate of 0.27 for the commercial fishery and 0.33 for the recreational fishery.  

The risk of extinction began to increase above zero at a total annual mortality rate of 46% 

for the commercial fishery and 49% for the recreational fishery.  The time to extinction 

began to decrease at a fishing mortality rate of 0.38 for the commercial fishery and 0.49 

for the recreational fishery.  The time to extinction began to decrease at a total annual 

mortality rate of 54% for the commercial fishery and 58% for the recreational fishery.  I 

conclude that the current total fishing mortality rate estimate of 0.025 and the current 

total annual mortality rate estimate of 34% are sustainable.  The currently-accepted 42% 

total annual mortality rate also appears to be sustainable.  Higher fishing and total annual 

mortality rates may be sustainable but should be evaluated experimentally. 
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INTRODUCTION 

Lake trout Salvelinus namaycush were historically important in the Great Lakes 

as native predators in the fish community and as a predominant species in the fishing 

industry.  Native Americans first harvested lake trout for subsistence and trade, and 

Europeans developed commercial and recreational fisheries as they settled the Great 

Lakes basin in the late 1700s and early 1800s (Lawrie and Rahrer 1972; Goodier 1989; 

Hansen 1999).  Fisheries began in the lower lakes, Ontario and Erie, and extended to the 

upper lakes, Huron, Michigan, and Superior, as European colonization of the area 

continued (Hansen 1999).  Commercial fisheries expanded through the process of fishing 

up, in which effort is shifted to previously unexploited grounds as stocks are depleted 

(Lawrie and Rahrer 1972; Goodier 1989; Hansen et al. 1995).  Beginning in the late 

1800s, advances in technology, including steam tugs, motor boats, hydraulic gill-net 

lifters, and nylon gill nets, made harvest more efficient.  Lake trout abundance was 

already reduced in Lake Ontario and Lake Erie by 1900, then rebounded slightly in the 

1920s, only to collapse in the 1930s and 1940s (Christie 1973; Cornelius et al. 1995; 

Elrod et al. 1995).  Lake trout abundance was also declining in the upper lakes, but yield 

was sustained through increased fishing effort (Hile et al. 1951; Pycha and King 1975) 

until 1935 in Lake Huron, 1943 in Lake Michigan, and 1950 in Lake Superior (Baldwin 

et al. 1979). 

The invasion of sea lampreys Petromyzon marinus put even more strain on the 

already troubled lake trout stocks.  Sea lampreys were not recorded in Lake Ontario until 

1835, but the completion of the Welland Canal between Lake Ontario and Lake Erie in 

1829 allowed sea lampreys access to the rest of the Great Lakes, which they colonized by 
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the early 1940s (Pearce et al. 1980; Smith 1995).  The combination of overfishing and sea 

lamprey predation drove lake trout to extirpation by 1962 in all of the Great Lakes except 

remote areas in Lake Huron and Lake Superior (Berst and Spangler 1973; Lawrie 1978; 

Pycha 1980). 

Many lake trout morphotypes once existed, but high fishing pressure led to the 

disappearance of all but three of the morphotypes in the Great Lakes (Pycha and King 

1975; Goodier 1981).  The lean lake trout, the siscowet or fat lake trout, and the humper 

or banker lake trout are the remaining forms, of which the siscowet and humper are only 

found in Lake Superior (Khan and Qadri 1970; Lawrie and Rahrer 1973; Pycha and King 

1975; Burnham-Curtis and Smith 1994).  Lean lake trout are slender with the lowest body 

fat content, have straight, pointed snouts, and generally inhabit depths less than 73 m 

(Lawrie and Rahrer 1973).  In Lake Superior, 50% of female lean lake trout are sexually 

mature by age 8 (Peck and Sitar 2000), and spawning occurs from October to early 

November on rocky substrate in 15–30 m of water around the mainland or islands 

(Eschmeyer 1955; Pycha and King 1975; Peck 1986; Burnham-Curtis and Smith 1994).  

Leans are also known to spawn in deeper offshore reefs (Hansen et al. 1995).  Siscowet 

lake trout are deep-bodied with the highest body fat content, have short heads and blunt 

snouts, and generally inhabit waters 50–150 m deep (Lawrie and Rahrer 1973; Pycha and 

King 1975).  Siscowets have been found in spawning condition from April through 

November (Eschmeyer 1955; Goodier 1981; Bronte 1993).  Humper lake trout have deep 

bodies, blunt snouts, large eyes, thin abdominal walls, intermediate body fat content, and 

inhabit isolated shoals, about 50 m deep, surrounded by water greater than 100 m deep 

(Khan and Qadri 1970; Lawrie and Rahrer 1973; Burnham-Curtis and Smith 1994).  
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Humpers spawn on offshore reefs between August and October (Burnham-Curtis and 

Smith 1994). 

Before lake trout stocks were completely eradicated in the Great Lakes, fishery 

managers took steps to preserve and revive remaining lake trout stocks.  Because a few 

lake trout still survived in Lake Superior, a rehabilitation plan was developed first for that 

lake.  Rehabilitation efforts focused on the lean lake trout because commercial and 

recreational lake trout fisheries targeted this morphotype.  The Lake Superior Technical 

Committee (LSTC), which is comprised of fishery researchers and managers from 

numerous fishery management agencies, developed objectives to manage the fish 

community (Busiahn 1990; Horns et al. 2003), including goals for lake trout 

rehabilitation (LSLTTC 1986; Hansen 1996).  The goals were to restore recruitment, 

reduce total mortality, and sustain reproducing lake trout stocks capable of supporting 

annual yields of 2-million kg (LSLTTC 1986).  The strategy was to increase recruitment 

by stocking hatchery-reared lean lake trout and to reduce mortality by controlling sea 

lamprey abundance and regulating fisheries.  Progress toward these goals and objectives 

was reported in state of the lake reports (Hansen 1990, 1994). 

Rehabilitation began with the stocking of fin-clipped lake trout fingerlings into 

Ontario waters of Lake Superior in 1947 and fingerlings and yearlings into U.S. waters in 

1951 (Lawrie and Rahrer 1972, 1973; Lawrie 1978; Hansen et al. 1995).  Fish were fin-

clipped on a 5-year rotation of the adipose, pelvic, and pectoral fins to identify their 

hatchery origin and to distinguish year-classes.  Numbers of lake trout planted into Lake 

Superior increased throughout the 1950s, and hatchery fish accounted for 98% of inshore 

stocks by the end of the 1960s (Lawrie and Rahrer 1972; Pycha and King 1975). 
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Sea lamprey control was used to reduce total annual mortality on lake trout stocks.  

Weirs were first employed in 1953 to block streams where adult sea lampreys spawned 

(Smith et al. 1974).  However, sea lamprey control was not effective until 1958 when the 

selective lampricides 3-trifluoromethyl-4-nitrophenol (TFM) and 2’5-dichloro-4’-

nitrosalicylanilide (Bayer 73) were developed to kill larvae where they resided in streams 

for 4–6 years before transforming into parasitic adults (Smith et al. 1974).  Chemical 

treatment of spawning streams helped reduce sea lamprey abundance by 86% in 1962 

(Smith et al. 1974).  In recent decades, release of sterile-male sea lampreys has been used 

to supplement chemical control (Hanson and Manion 1978, 1980), and sea lamprey 

pheromones are also being studied to increase trapping efficiency (Johnson et al. 2005). 

Fishery regulations were used to limit the fishing mortality component of total 

annual mortality.  Fisheries for lake trout were closed in 1962 to give lake trout a reprieve 

from fishing pressure (Pycha and King 1975).  However, management agencies reopened 

restricted recreational and commercial fisheries as lake trout stocks began to recover, and 

regulations were applied inconsistently among jurisdictions, so fishing mortality rates 

climbed once again (Hansen et al. 1995).  Commercial fishing mortality was reduced by 

limiting the number of licenses issued and the amount of gear, mesh sizes, fish sizes, 

seasons, areas, and depths that could be fished (Hansen et al. 1995).  Recreational fishing 

mortality was reduced by minimum length limits and daily bag limits, and anglers were 

required to purchase a license to fish on the Great Lakes (Hansen et al. 1995).  In 

Wisconsin waters, refuges were designated to protect spawning lake trout around Gull 

Island Shoal in 1976 (Swanson and Swedberg 1980) and Devils Island Shoal in 1981 

(Hansen et al. 1995).  Healey (1978) concluded that lake trout populations were self-
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sustaining when total annual mortality was less than or equal to 50% but declined rapidly 

when total annual mortality was greater than 50%.  In response to Healey’s (1978) study, 

the LSTC charged agencies with limiting lake trout harvest to reduce total annual 

mortality rates to 50% or less to allow lake trout to survive until they became sexually 

mature and could reproduce (LSLTTC 1986).  The LSTC suggested that the 114-mm 

mesh gillnets (also known as large-mesh gill nets) used in commercial and assessment 

fisheries are size-selective and likely overestimate the total annual mortality rate, so a 

50% mortality rate estimated from 114-mm mesh gillnets is roughly equivalent to a 42% 

actual mortality rate (LSLTTC 1986).  Therefore, the LSTC set the sustainable limit of 

total annual mortality at 42% (LSLTTC 1986). 

Results of rehabilitation efforts varied among jurisdictions and areas of the lake.  

Abundance of wild lake trout from unknown parentage generally increased during 1970–

1992 (Hansen 1990; Hansen et al. 1994b), but abundance of stocked lake trout decreased 

in spite of relatively consistent stocking rates (Hansen et al. 1994a, 1994b).  An early 

stock-recruitment analysis indicated that stocked lake trout contributed to recruitment 

more than wild lake trout (Hansen et al. 1995), but subsequent studies indicated that wild 

and stocked lake trout contributed equally to recruitment in Michigan waters (Richards et 

al. 2004) and only wild lake trout contributed to recruitment in Wisconsin and Minnesota 

waters (Corradin 2004).  Hansen et al. (1996) determined that survival of the 1963–1986 

year-classes of stocked lake trout was limited by large-mesh gill-net fishing effort in 

Michigan and Wisconsin waters and by wild lake trout predation in Minnesota waters.  

Richards et al. (2004) concluded that large-mesh gill-net fishing effort during 1970–1998 

did not substantially limit survival of wild lake trout in Michigan waters.  The results of 
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these two studies likely differed because Hansen et al. (1996) studied survival of stocked 

lake trout, whereas Richards et al. (2004) studied survival of wild lake trout.  The results 

of the two studies also likely indicate that catchability of stocked and wild lake trout 

differ, possibly due to differences in bathymetric distribution (Krueger et al. 1986).  

Further analysis of historic and modern lake trout abundance in Michigan waters 

indicated that wild lake trout stocks were more abundant during 1984–1998 than during 

1929–1943 (Wilberg et al. 2003). 

These studies suggested that lake trout rehabilitation had progressed far enough to 

cease stocking, as long as fisheries were effectively regulated.  Stocking was halted in 

most areas of Lake Superior by March of 1996 because lake trout rehabilitation goals had 

been met.  Fisheries must be regulated because lake trout are still in high demand in 

commercial and recreational fisheries.  Stock abundance must be accurately estimated to 

set harvest quotas, which are divided among state agencies and several Lake Superior 

Bands of Chippewa Indians.  Agencies currently use statistical catch-at-age (SCAA) 

models to develop quotas without knowing if the currently-accepted 42% total annual 

mortality rate is sustainable.  Models are needed in the short-term to predict stock sizes in 

the next year and in the long-term to estimate a sustainable level of fishing mortality and 

to simulate stock reactions to different management actions, including total allowable 

catch limits, gear restrictions, size limits, and fishery allocations. 

My objective was to estimate the maximum sustainable fishing and total annual 

mortality rates for lake trout in eastern Wisconsin waters of Lake Superior to help better 

manage the fishery and to minimize the risk of overexploitation.  I developed an age-

structured, density-dependent, simulation model to fulfill this objective.  The model 
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focused specifically on the lean lake trout morphotype because lean lake trout are the 

most highly sought by fisheries and the most marketable because of their low body fat 

content.  Natural mortality was modeled as a fixed-base rate and a density-dependent sea 

lamprey mortality rate.  Recruit abundance was modeled as a density-dependent function 

of adult lake trout abundance.  Random process error was incorporated into sea lamprey 

mortality and recruitment sub-models to simulate model uncertainty.  The model was 

used to simulate long-term effects of various commercial and recreational harvest 

allocations.  Commercial fisheries rely on large-mesh gill nets and recreational fisheries 

rely on angling, which differ in size selectivity.  Fishing mortality rates were varied to 

simulate a range of total annual mortality that included the currently-accepted 42% total 

annual mortality rate. 
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METHODS 

Study Area 

Lake Superior has the largest surface area of any freshwater lake in the world 

(82,414 km2), is second only to Lake Baikal in volume (11,920 km3), and contains 10% 

of the world’s surface fresh water and over half of the water in the Great Lakes 

(Matheson and Munawar 1978).  Lake Superior is highly oligotrophic due to its low 

mean temperature (6°C; Bennett 1978), low dissolved solids (60 mg/L; Weiler 1978), 

great depth (148 m mean and 406 m maximum; Lawrie and Rahrer 1973), and low 

primary productivity (1.6–5.6 mgC/m3/hr/mo; Munawar and Munawar 1978).  Water 

replacement time in Lake Superior is 191 years (Horns et al. 2003). 

The U.S. and Canadian waters of Lake Superior are divided into lake trout 

management areas (Figure 1).  My study focused on the eastern Wisconsin management 

unit known as WI2, which has a surface area of 4,474 km2 and includes the 22 Apostle 

Islands.  The rocky shoals of the Apostle Islands provide spawning habitat for lake trout.  

Spawning lake trout are protected in two refuges, the Gull Island Shoal refuge, which has 

a surface area of 336 km2, and the Devils Island Shoal refuge, which has a surface area of 

283 km2.  No commercial or recreational fishing is permitted in the refuges. 

Model Structure 

A simulation model was built to predict lake trout abundance in the eastern 

Wisconsin waters of Lake Superior in future years.  The simulation model was 

parameterized from SCAA model estimates for wild lake trout in non-refuge portions of 

eastern Wisconsin waters of Lake Superior.  The SCAA model was used to estimate 
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recreational and commercial fishery harvest, abundance-at-age, age-specific mortality, 

year-specific mortality, gear selectivity, catchability, and assessment catch per unit effort 

(CPE) for age-4-and-older lake trout during 1980–2001 (Linton 2002).  The Wisconsin 

Department of Natural Resources (WDNR) subsequently updated the SCAA model 

through 2004 (Wisconsin State/Tribal Technical Committee 2005). 

Initial abundance  at age j for year ijN 0=i  for the simulation model was derived 

from age-specific wild lake trout abundance estimates from the SCAA model for 2004.  

In each simulation, age-specific abundance estimates from 2004 were an input for year 

zero and were used to predict abundance at age for the next year: 

ijZ
ijji eNN −

++ =1,1 ; 

where  is the number of lake trout surviving in each age class j and year i to the 

next age class  and year 

1,1 ++ jiN

1+j 1+i ,  is the number of lake trout in age class j in year i, 

and  is the total instantaneous mortality rate for each age class j in year i (Quinn and 

Deriso 1999; Haddon 2001; Figure 2).  The total instantaneous mortality rate  for each 

age class j and year i was the summation of the total instantaneous natural mortality rate 

M, the instantaneous sea lamprey mortality rate  

ijN

ijZ

ijZ

LijM  for age class j in year i, and the 

total instantaneous fishing mortality rate  for age class j in year i: ijF

ijLijij FMMZ ++= . 

The total instantaneous natural mortality rate was previously estimated as a 

constant over all ages and years in the SCAA model (M = 0.1649; Linton 2002; 
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Wisconsin State/Tribal Technical Committee 2005).  Instantaneous sea lamprey mortality 

was modeled as a density-dependent function of lake trout abundance: 

εβα eNM jijLi
−

+=+= = 4,15, ; 

where  is the total instantaneous sea lamprey mortality on age-15-and-older lake 

trout, 

+=15, jLiM

α  is the instantaneous sea lamprey mortality rate when lake trout abundance is 

zero,  is the number of age-4-and-older lake trout in year i, +=4, jiN β  is the exponential 

rate at which instantaneous sea lamprey mortality declines with lake trout abundance, and 

ε  is the multiplicative process error.  A negative power function was used for the sub-

model of instantaneous sea lamprey mortality because lake trout abundance varies, 

whereas sea lamprey abundance is limited.  Sea lampreys are held at a fixed adult 

abundance by population control, so the ratio of sea lampreys to lake trout rises 

exponentially as lake trout numbers decline.  Instantaneous sea lamprey mortality on age-

15-and-older lake trout was used as the fully-selected sea lamprey mortality rate because 

sea lamprey have been shown to select larger, older fish to prey upon (Swink 1991, 2003), 

and age-15-and-older was the oldest age-class of lake trout included in the model.  The 

parameters α  and β  were estimated from the linear version of the model: 

( ) ( ) ( ) εβα +−= +=+= 4,15, logloglog jieejLie NM . 

The model was fit to 1980–2004 SCAA model estimates of fully-selected sea lamprey 

mortality and age-4-and-older lake trout abundance.  The natural logarithm of the 

instantaneous sea lamprey mortality rate on age-15-and-older lake trout was lagged by 

one year to avoid a circular reference in the data analysis.  For example, the natural 

logarithm of age-4-and-older lake trout abundance from 1980 was used to explain 
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variation in the natural logarithm of the fully-selected sea lamprey mortality from 1981.  

The total instantaneous sea lamprey mortality for younger ages of lake trout was then 

estimated by multiplying the fully-selected sea lamprey mortality rate by the relative sea 

lamprey mortality rate from 1980–2004 for each age class j (Figure 3).  Error ε  was 

estimated as variation in the natural logarithm of the instantaneous rate of sea lamprey 

mortality on age-15-and-older lake trout that was not explained by the natural logarithm 

of age-4-and-older lake trout. 

The total instantaneous fishing mortality rate  of age j lake trout in year i was 

separated into components for commercial  and recreational  fisheries: 

ijF

CijF RijF

RijCijij FFF += . 

Total instantaneous fishing mortality Fij of age j lake trout in year i was an input in the 

model and was simulated using age-specific selectivity curves for each fishery that were 

previously estimated in the SCAA model.  For the commercial gill-net fishery, 

instantaneous fishing mortality  of age class j in year i was the product of the fully-

selected instantaneous fishing mortality rate  in year i and the relative selectivity  

of age class j: 

CijF

CiF Cjs

CiCjCij FsF = ; 

where sCj was the relative selectivity of large-mesh gill nets for age class j: 

( ) ( ) ⎟⎠
⎞

⎜
⎝
⎛

+
−

+
= −−−− 3412 1

11
1

1
bjbbjbCj ee

s ; 
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where b1 is the first inflection point of the selectivity curve, b2 is the first slope, b3 is the 

second inflection point, b4 is the second slope, and j is the age class (Linton 2002).  The 

selectivity curve was standardized to the maximum estimated selectivity.  For the 

recreational angling fishery, total instantaneous fishing mortality rate  and angling 

selectivity were estimated in the same manner.  Large-mesh gill net and angling 

selectivity curves were previously estimated (Linton 2002; Wisconsin State/Tribal 

Technical Committee 2005; Figure 4). 

RijF

Rjs

Next, the number of recruits was predicted using a Ricker stock-recruitment 

model (Ricker 1975):  

( )( ) εβα eeNN jiN
jiji

+=−
+== = 8,

8,4, ; 

where  is the number of age-4 lake trout to enter into the population in year i, 4, =jiN α  is 

the number of recruits produced by each spawning adult lake trout at low population 

abundance,  is the parental abundance of age-8-and-older lake trout in year i, +=8, jiN β  is 

the instantaneous decline in recruitment as parental abundance increases, and ε  is 

multiplicative process error.  Age-4 lake trout were used to index recruitment because 

age-4 is the first age-class when lake trout are recruited to large-mesh gill nets.  Age-8-

and-older lake trout were used to index spawning stock density because 50% of female 

lake trout in Lake Superior reached sexual maturity by age 8 (Peck and Sitar 2000).  

Stocked lake trout were not included in spawning stock density because they were 

previously found to have no effect on recruitment in WI2 (Corradin 2004).  Model 

parameters α  and β  were estimated from the linear form of the model: 
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 is the natural logarithm of recruits per spawner and other terms are 

as defined for the nonlinear version of the model.  The linear stock-recruitment model 

was fit to 1980–2004 SCAA model estimates of age-4 lake trout abundance and age-8-

and-older lake trout abundance.  A five-year lag exists between the time when age-8-and-

older lake trout spawn and age-4 lake trout are recruited to large-mesh gill nets, so, for 

example, age-8-and-older abundance from 1980 was used to predict age-4 abundance 

from 1985.  Residual error ε  was estimated as variation in the natural logarithm of 

recruits per spawner that was not explained by spawner abundance. 

The model was evaluated using local sensitivity analysis.  This method is 

frequently used to quantify uncertainty in simulation models and to determine which 

model parameters have the most influence on model predictions (McCarthy et al. 1996; 

Cross and Beissinger 2001; Ellner and Fieberg 2003; Essington 2003).  A local sensitivity 

analysis was performed by holding each parameter at a constant value while changing 

one parameter at a time by ±10% (Table 1; Essington 2003).  The sensitivity to a 

parameter was expressed as the difference in the mean population abundance when the 

parameter was changed, compared to the mean population abundance when all 

parameters were set at their 2004 estimates from the SCAA model.  Highly sensitive 

parameters caused the mean population abundance to deviate by more than 10%, linearly 

sensitive parameters caused the mean population abundance to deviate by 10%, and 

insensitive parameters caused the mean population abundance to deviate by less than 
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10% (Essington 2003).  The model was run 1,000 times for 200 years for each parameter 

deviation.  Mean lake trout abundance was calculated as the average abundance of age-4-

and-older lake trout from year 51 to year 200 for each simulation. 

Instantaneous commercial and recreational fishing mortality were simulated 

separately to cover the two extremes possible for fishing mortality.  Therefore, any mixed 

allocation of the two fisheries would fall between the two extremes of each fishery alone.  

Simulations were run in this manner to account for differences in selectivity between 

large-mesh gill nets used in the commercial fishery and angling used in the recreational 

fishery.  First, recreational fishing mortality  was held at zero while the commercial 

fishing mortality  was tested over a range of values.  Then, commercial fishing 

mortality was held at zero while the recreational fishing mortality was tested over a range 

of values.  A range of fishing mortality rates was tested for each fishery to encompass the 

maximum sustainable total instantaneous fishing mortality rate.  For each simulated 

recreational and commercial fishing mortality, the total annual mortality A was calculated: 

RiF

CiF

ijZeA −−=1 . 

The range of total annual mortality rates tested included the currently-accepted 42% total 

annual mortality rate (LSLTTC 1986).  Simulations were run 1,000 times for 200 years 

each to test values. 

Mean abundance, probability of extinction, and time to extinction were the 

metrics used to evaluate sustainability of total instantaneous fishing mortality and total 

annual mortality rates.  Mean abundance was the average abundance of age-4-and-older 

lake trout from year 51 to year 200 for all simulations.  A population was considered to 
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go extinct in the first year when age-4-and-older abundance equaled zero.  Zero 

abundances were included in the average.  A 95% confidence interval was calculated for 

mean lake trout abundance: 

96.1*sx ± ; 

where x  is the average lake trout abundance and s is the standard deviation of lake trout 

abundance for the sample.  The probability of extinction was the proportion of 1,000 

simulations when the abundance declined to zero.  A 95% confidence interval was 

calculated for the probability of extinction using the exact upper and lower 95% 

confidence limits for a binomial proportion (Zar 1999).  The time to extinction was the 

median number of years until age-4-and-older lake trout abundance declined to zero.  

Simulations that did not result in an extinction event were assigned an extinction time of 

200 years because the lake trout population was assumed to go extinct after the 200 years 

included in the model.  A 95% confidence interval was calculated for the time to 

extinction as the 2.5-percentile and the 97.5-percentile of the time to extinction for the 

1,000 simulations. 
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RESULTS 

Instantaneous sea lamprey mortality on age-15-and-older lake trout was a density 

dependent function of age-4-and-older lake trout abundance: 

42.0178245.1
4,15, 453,935,2 eNM jijLi

−
+=+= = ; 

where 2,935,453 was the fully-selected sea lamprey mortality rate when lake trout 

abundance was zero, 1.178245 was the exponential rate of decrease in the fully-selected 

sea lamprey mortality as lake trout abundance increased, and 0.42 was multiplicative 

process error in the instantaneous sea lamprey mortality rate (Figure 5).  The natural 

logarithm of age-4-and-older lake trout abundance explained 58% of the variation in the 

natural logarithm of the fully-selected sea lamprey mortality rate (F1,22 = 29.89; P ≤ 0.001; 

Figure 6). 

Recruitment of age-4 lake trout was a density dependent function of age-8-and-

older lake trout abundance: 

( )( ) 20.00000032348.0
8,4,

8,6984.5 eeNN jiN
jiji

+=−
+== = ; 

where 5.6984 was the number of age-4 recruits produced by each age-8-and-older adult 

lake trout when adult abundance was low, 0.0000032348 was the instantaneous rate of 

decline in the recruitment rate as adult abundance increased, and 0.20 was the variation in 

the natural logarithm of recruits per spawner that was not explained by adult lake trout 

abundance (Figure 7).  Abundance of age-8-and-older adult lake trout explained 80% of 

the variation in the natural logarithm of age-4 recruits per adult lake trout (F1,18 = 73.19; 

P ≤ 0.001; Figure 8). 
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The local sensitivity analysis indicated lake trout abundance was most sensitive to 

the sea lamprey mortality slope and intercept parameters and the recruitment density-

dependent parameter.  The mean lake trout population abundance decreased by more than 

10% when the sea lamprey mortality slope parameter was reduced by 10% and the sea 

lamprey mortality intercept parameter was increased by 10%, so these parameters were 

highly sensitive (Table 2).  The recruitment model density-dependent parameter was 

linearly sensitive because ±10% deviations in the parameter caused 10% deviations in the 

mean population abundance of lake trout (Table 2).  Other parameters tested were 

insensitive parameters because they caused less than a 10% deviation in the mean 

population abundance of lake trout when the parameter was deviated by ±10% (Table 2). 

Mean lake trout population abundance increased as total instantaneous fishing 

mortality and total annual mortality increased, and then declined when instantaneous 

fishing mortality and total annual mortality increased further.  For commercial fishing 

mortality, mean lake trout abundance increased as instantaneous fishing mortality 

increased from zero to 0.20, and then declined to zero when instantaneous fishing 

mortality rate increased from 0.20 to 0.50 (Table 3; Figure 9).  Mean lake trout 

abundance increased as total annual mortality rate with only commercial fishing mortality 

increased to 42% and then declined to zero as the total annual mortality rate increased 

further (Table 3; Figure 10).  For recreational fishing mortality, mean population 

abundance increased as instantaneous fishing mortality increased from zero to 0.29, and 

then declined thereafter (Table 3; Figure 9).  Mean lake trout population abundance 

increased as total annual mortality rate with only recreational fishing mortality increased 
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from zero to 47% and then decreased as total annual mortality increased further (Table 3; 

Figure 10). 

The probability of extinction was zero until threshold levels of fishing and total 

annual mortality were reached and then increased quickly to 1.0 as mortality increased 

further.  For commercial fishing mortality, the probability of extinction began to rise 

above zero at an instantaneous fishing mortality rate of 0.27, reached 0.5 at a fishing 

mortality rate of 0.39, and reached 1.0 at a fishing mortality rate of 0.45 (Table 3; Figure 

11).  The probability of extinction began to rise above zero at a 46% total annual 

mortality rate with only commercial fishing and reached 0.5 at a 100% total annual 

mortality rate (Table 3; Figure 12).  For recreational fishing mortality, the probability of 

extinction began to rise above zero at an instantaneous fishing mortality rate of 0.33, 

reached 0.5 at a fishing mortality rate of 0.50, and reached 1.0 at a fishing mortality rate 

of 0.58 (Table 3; Figure 11).  The probability of extinction began to rise above zero at a 

49% total annual mortality rate with only recreational fishing mortality, reached 0.5 at a 

total annual mortality rate of 99%, and reached 1.0 at a total annual mortality rate of 

100% (Table 3; Figure 12). 

The time to extinction remained at 200 years until threshold levels of fishing and 

total annual mortality were reached and then quickly declined toward zero as mortality 

increased further.  For commercial fishing mortality, the time to extinction started to 

decline below 200 years at an instantaneous fishing mortality rate of 0.38, decreased 

rapidly from 0.38 to 0.39, and declined more slowly as instantaneous fishing mortality 

increased further (Table 3; Figure 13).  The time to extinction began to decline below 200 

years at a 54% total annual mortality rate with only commercial fishing mortality and 
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decreased rapidly as total annual mortality increased from 54% to 100% (Table 3; Figure 

14).  For recreational fishing mortality, the time to extinction started to decline below 200 

years at an instantaneous fishing mortality rate of 0.49, decreased rapidly from 0.49 to 

0.50, and declined more slowly as instantaneous fishing mortality increased further 

(Table 3; Figure 13).  The time to extinction began to decline below 200 years at a 58% 

total annual mortality rate with only recreational fishing mortality and decreased rapidly 

as total annual mortality increased from 58% to 100% (Table 3; Figure 14). 
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DISCUSSION 

I found that fully-selected sea lamprey mortality decreased as lake trout 

abundance increased, which suggests a Type-II functional response between sea lamprey 

and lake trout in Lake Superior (Holling 1959a).  Kitchell and Breck (1980) previously 

hypothesized that sea lamprey mortality would decrease as host density increased in the 

Great Lakes because sea lampreys could act as predators when host abundance was low 

and switch to parasitism when host abundance was high.  The rate at which individual sea 

lamprey attack lake trout likely increases with host density, but the feeding rate likely 

reaches a maximum at high prey densities (Gotelli 2001; Bence et al. 2003).  A predator 

may kill more individuals as prey density increases, but the proportion of the prey 

population killed by the predator decreases as prey density increases because the predator 

reaches the maximum feeding rate (Solomon 1949; Gotelli 2001).  Similarly, the 

proportion of caribou Rangifer tarandus killed by wolves Canis lupis in northern Alaska 

(Dale et al. 1994) and the proportion of moose Alces alces killed by wolves in North 

America (Messier 1994) decreased as prey density increased.  A Type-II functional 

response was exhibited in these systems because predator density was constant (Holling 

1959b).  Wolf density was self-regulated by the animals’ territorial behavior, whereas sea 

lamprey density was controlled by humans. 

I found that lake trout recruitment in WI2 was density dependent during 1980–

2004.  In contrast to my findings, Bronte et al. (1995) and Schram et al. (1995) found that 

adult lake trout abundance was linearly related to recruit abundance in WI2 during 1964–

1992, which suggested that recruitment was density independent.  Similar to my findings, 

Corradin (2004) found that lake trout recruitment in WI2 was a density dependent 
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function of adult lake trout abundance during 1980–2003.  These studies were likely 

contradictory because lake trout abundance increased substantially after the last year 

studied by Bronte et al. (1995) and Schram et al. (1995) and thereby increased the 

likelihood that recruitment would exhibit density dependence during the period studied 

by Corradin (2004), as Richards et al. (2004) found in Michigan waters of Lake Superior, 

where lake trout density was much higher than in Wisconsin waters. 

Mean lake trout abundance in WI2 began to decrease at an instantaneous fishing 

mortality rate of 0.20 for gill-netting and 0.29 for angling, which was similar to Rago et 

al. (1998), who estimated that Freplacement = 0.25 with an 84 cm minimum length limit for 

spiny dogfish Squalus acanthias in the northwest Atlantic Ocean.  Similarly, porbeagle 

Lamna nasus populations declined at F = 0.18 in the Atlantic Ocean (Campana et al. 

2002).  Both of these species, like lake trout, are long lived and late maturing, so have 

similar maximum sustainable fishing mortality rates.  In contrast, the Eastern Baltic Sea 

cod Gadus morhua callarias stock increased up to a higher instantaneous fishing 

mortality rate (F = 0.32; Radtke 2003), possibly because cod are earlier maturing and 

shorter lived than lake trout, spiny dogfish, or porbeagle. 

Mean lake trout abundance in WI2 began to decrease at a total annual mortality 

rate of 42% with only commercial fishing mortality and 47% with only recreational 

fishing mortality, which is similar to what Healey (1978) found for lake trout in Canadian 

lakes that were able to sustain populations at a total annual mortality rate of 50% or less.  

A population viability analysis of Gulf of Mexico sturgeon Acipenser oxyrinchus desotoi 

in the Suwannee River, Florida, predicted that a 16% total annual mortality rate would be 

sustainable but an increase to 20% would cause a decline in abundance (Pine et al. 2001).  
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Gulf of Mexico sturgeon abundance likely declined at lower total annual mortality rates 

than lake trout in WI2 because sturgeon do not reproduce every year after reaching 

maturity, and they live longer and grow slower than lake trout.  My results suggest that 

the 42% total annual mortality rate limit in the Lake Superior lake trout rehabilitation 

plan is sustainable (LSLTTC 1986).  Although lake trout abundance in the model began 

to decline at a 42% total annual mortality rate with only commercial fishing mortality, a 

42% total annual mortality rate with a combination of commercial and recreational 

fishing mortality should be sustainable because commercial fishing mortality will need to 

be lower than 0.20 and recreational fishing mortality will need to be lower than 0.29 to 

produce a combined 42% total annual mortality rate. 

The risk of extinction for the lake trout population in WI2 began to increase above 

zero at an instantaneous fishing mortality rate of 0.27 for gill-netting and 0.33 for angling.  

My findings indicate that lake trout in WI2 are not able to sustain total instantaneous 

fishing mortality rates as high as Pacific hake Merluccius productus (FCRIT = 1.11–1.27, 

where FCRIT is the maximum sustainable fishing mortality rate to avoid stock collapse; 

Brodziak 2002), perhaps because Pacific hake are shorter lived, faster growing, and 

earlier maturing than lake trout.  Conversely, lake trout were able to sustain higher rates 

of instantaneous fishing mortality than longer-lived, slower-growing, lower-fecundity 

species like Dover sole Microstomus pacificus (F = 0.15), lingcod Ophiodon elongatus 

(F = 0.08), sablefish Anoplopoma fimbria (F = 0.05), and widow rockfish Sebastes 

entomelas (F = 0.08) in the Pacific Ocean (Brodziak 2002), and for the porbeagle in the 

Atlantic Ocean (F = 0.08), where F was the instantaneous fishing mortality rate where the 

population could still replace itself and avoid stock collapse (Campana et al. 2002). These 
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species take a longer time to replace themselves than lake trout, which may explain why 

they are not able to withstand as much fishing pressure as lake trout. 

The risk of extinction began to increase above zero at a total annual mortality rate 

of 46% with only commercial fishing mortality and 49% with only recreational fishing 

mortality.  Lake trout in WI2 were not able to sustain as high a total annual mortality rate 

as northern pike Esox lucius in Camerton Lake in north-central Minnesota (A = 63%), 

perhaps because northern pike mature earlier, generally at age 3, and are faster growing 

and shorter lived than lake trout (Pierce et al. 2003).  Conversely, lake trout in WI2 were 

able to sustain a higher total annual mortality rate than paddlefish Polyodon spathula in 

the Missouri River (A = 18%; Rosen et al. 1982), perhaps because paddlefish are longer 

lived, mature later in life (age 16, twice as long as lake trout), and do not reproduce every 

year after reaching maturity. 

Time to extinction fell below 200 years at an instantaneous mortality rate of 0.38 

and a total annual mortality rate of 54% with only commercial fishing mortality and an 

instantaneous mortality rate of 0.49 and a total annual mortality rate of 58% with only 

recreational fishing mortality.  Mean lake trout abundance at these fishing mortality rates 

was already declining.  Like my study, a population viability analysis for the Florida 

manatee Trichechus manatus latirostris showed that the time to extinction decreased as 

the population declined due to increased mortality (Marmontel et al. 1997).  Similarly, 

the time to extinction of the Balearic shearwater Puffinus mauretanicus population in the 

Mediterranean archipelago decreased as the number of breeding females decreased (Oro 

et al. 2004). 
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I found that the total annual mortality rate of lake trout increased sharply when 

commercial and recreational fishing mortality rates increased only slightly above certain 

threshold levels.  For commercial fishing mortality, total annual mortality increased from 

54% to 100% when instantaneous fishing mortality increased from 0.38 to 0.39.  For 

recreational fishing mortality, total annual mortality increased from 58% to 99% when 

instantaneous fishing mortality increased from 0.49 to 0.50.  These drastic increases in 

total annual mortality occurred because of a strong density-dependent increase in the sea 

lamprey mortality rate.  Before sea lampreys colonized Lake Superior, lake trout 

abundance declined as fishing pressure increased (Hile et al. 1951).  Then, after sea 

lampreys colonized the lake, lake trout abundance declined rapidly despite reduced 

fishing effort (Pycha and King 1975) because sea lamprey predation was the predominant 

source of mortality on lake trout in Lake Superior, particularly for older fish (Pycha 1980; 

Swanson and Swedberg 1980).  Consequently, my modeling confirms that the historical 

collapse of lake trout in Lake Superior was likely caused by fishing mortality that drove 

lake trout stocks to a low abundance where the proportion of the population killed by sea 

lampreys increased sharply and thereby drove the population to near extinction. 
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MANAGEMENT IMPLICATIONS 

In Lake Superior, fishery managers regulate instantaneous fishing mortality F 

with harvest quotas and use total annual mortality A to monitor population status.  My 

results suggest that the current total fishing mortality estimate of 0.025 and the current 

total annual mortality estimate of 34% are sustainable.  The 42% total annual mortality 

limit in the Lake Superior lake trout rehabilitation plan also appears to be sustainable 

(LSLTTC 1986).  For commercial gill-net fisheries, my results suggest that fishery 

managers could set the maximum instantaneous fishing mortality rate at 0.20 to avoid 

decline, 0.27 to avoid extinction, and 0.38 to avoid extinction within 200 years and then 

monitor these thresholds using maximum total annual mortality rates of 42% to avoid 

decline, 46% to avoid extinction, and 54% to avoid extinction within 200 years (Table 3).  

Similarly, for recreational angling fisheries, fishery managers could set the maximum 

instantaneous fishing mortality rate at 0.29 to avoid decline, 0.33 to avoid extinction, and 

0.49 to avoid extinction within 200 years and then monitor these thresholds using 

maximum total annual mortality rates of 47% to avoid decline, 49% to avoid extinction, 

and 58% to avoid extinction within 200 years (Table 3).  I modeled commercial and 

recreational fishing mortality separately, but the two fisheries occur simultaneously in 

WI2.  Lake trout abundance, probability of extinction, and time to extinction for a 

combination of recreational and commercial fishing mortality would be estimated as a 

value between the extremes observed with only commercial fishing mortality and only 

recreational fishing mortality.  Before instituting the mortality thresholds, my results 

should be evaluated experimentally to ensure that my simulation results are sustainable.  

For example, the total allowable catch for commercial fisheries and angling size and bag 
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limits could be modified for five years to provide contrast in fishing mortality, while 

monitoring fish population responses.  Later, commercial fishery quotas and angling size 

and bag limits could be modified in the opposite direction for five years to provide 

further contrast in fishing mortality, while monitoring fish population responses.  

Fisheries should continue to be monitored because my results suggest that sea lampreys 

would decimate the lake trout population if fishing mortality reduces lake trout 

abundance to a low level.  My model results should not be accepted without question 

because models are simplifications that do not perfectly represent reality (Hall and Day 

1977).  In the words of Robert H. MacArthur, “A model is a lie that helps you see the 

truth” (Hansen et al. 1993).  Models should not be seen as the final product (Walters 

1986), but rather, should be used in conjunction with data to form adaptive management 

practices to learn about the lake trout fishery in WI2 (Hall and Day 1977; Walters 1986). 

My model could be modified to include density-dependent growth and maturity 

sub-models and to include only adult females as the spawning stock in the stock-recruit 

sub-model.  As abundance decreases, lake trout grow faster, mature younger, and enter 

fisheries younger.  To account for density-dependent changes in growth, a growth sub-

model could be added to the simulation model to predict density-dependent changes in 

size at age.  To account for density-dependent changes in age at maturity, a maturity sub-

model could be added to the simulation model to predict density-dependent changes in 

age at maturity.  To more accurately and precisely predict density-dependent changes in 

recruitment, the recruitment sub-model could be modified to include only female lake 

trout as the spawning stock.  Although these modifications would make the lake trout 

population model more realistic, the current model gives more conservative estimates of 
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maximum sustainable fishing and total mortality rates, because density-dependent 

responses are compensatory and thereby regulate the population in the direction of the 

long-term average or equilibrium (Everhart and Youngs 1981; Gotelli 2001).  Therefore, 

as fishing mortality increases, fish populations respond through density-dependent 

growth and recruitment that tend to maintain the equilibrium level of abundance.  In the 

current model, lake trout mature at a fixed age, so as fishing mortality increases, the adult 

stock declines and results in recruitment overfishing.  In contrast, as fishing mortality 

increases in a model with density-dependent growth and maturity, fish would grow faster, 

mature younger, and delay the onset of recruitment overfishing, so the population could 

sustain higher levels of mortality (Helser and Brodziak 1998). 
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Table 1.  Parameters tested in local sensitivity analysis of a lake trout simulation model 

for eastern Wisconsin waters of Lake Superior. 

Parameter Parameter Description 

Baseline The baseline run for the sensitivity analysis. 

FCi The commercial fishing mortality rate input. 

FRi The recreational fishing mortality rate input. 

M The natural mortality constant value. 

ML beta The slope parameter of the sea lamprey mortality rate. 

ML alpha The intercept parameter of the sea lamprey mortality rate. 

ML error The error term for the sea lamprey mortality rate. 

S-R alpha The density-independent parameter in the Ricker stock-recruitment 
curve. 

S-R beta The density-dependent parameter in the Ricker stock-recruitment 
curve. 

S-R error The error term for the Ricker stock-recruitment curve. 
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Table 2.  Parameter tested, deviation tested, average abundance, lower and upper 95% of 

average abundance, and percent difference between the baseline mean and the mean for 

the parameter deviated for a lake trout simulation model for eastern Wisconsin waters of 

Lake Superior.  The model was run for 1,000 simulations and 200 years for each 

simulation. 

Parameter Deviation Mean Lower 
95% 

Upper 
95% 

Mean % 
Difference 

Baseline - 2,008,109 1,958,399 2,055,788 0.00% 

FCi -10% 2,003,352 1,951,307 2,053,787 -0.24% 

FCi +10% 2,009,518 1,956,653 2,057,911 0.07% 

FRi -10% 2,006,951 1,950,988 2,055,276 -0.06% 

FRi +10% 2,007,397 1,955,102 2,053,862 -0.04% 

M -10% 1,976,106 1,911,877 2,033,347 -1.59% 

M +10% 2,030,763 1,983,278 2,076,517 1.13% 

ML beta -10% 0 0 0 -100.00% 

ML beta +10% 1,936,685 1,895,131 1,986,301 -3.56% 

ML alpha -10% 1,944,591 1,901,462 1,992,007 -3.16% 

ML alpha +10% 0 0 0 -100.00% 

ML error -10% 2,007,355 1,949,662 2,057,667 -0.04% 

ML error +10% 2,006,070 1,959,072 2,055,113 -0.10% 

S-R alpha -10% 1,917,426 1,869,032 1,962,432 -4.52% 

S-R alpha +10% 2,084,664 2,024,774 2,134,523 3.81% 

S-R beta -10% 2,224,010 2,167,556 2,271,082 10.75% 

S-R beta +10% 1,827,268 1,776,787 1,877,572 -9.01% 

S-R error -10% 2,005,953 1,952,810 2,052,051 -0.11% 

S-R error +10% 2,007,669 1,949,433 2,060,515 -0.02% 
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Table 3.  Instantaneous fishing mortality rates, F, and total annual mortality rates, A, for 

commercial gill-net fishing mortality and recreational angling fishing mortality when 

mean abundance began to decline, the probability that the population would go extinct 

rose above zero, and the time until the population went extinct was less than 200 years 

for the lake trout population in eastern Wisconsin waters of Lake Superior (iterations = 

1,000; time = 200 years). 

  Commercial Recreational 

  F A F A 

Decline 0.20 42% 0.29 47% 

Extinction 0.27 46% 0.33 49% 

Extinction within 200 years 0.38 54% 0.49 58% 
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Figure 1.  Lake trout management areas in Lake Superior.  U.S. management areas are 

denoted by state: Michigan – MI, Minnesota – MN, and Wisconsin – WI.  Canadian 

management areas are marked using only numbers. 
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Figure 2.  A schematic diagram of a simulation model for lake trout in eastern Wisconsin 

waters of Lake Superior, where i is year and j is age and inputs are the total instantaneous 

fishing mortality rate Fi in year i and the initial abundance Nij in year i for age j.
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Figure 3.  Age-specific selectivity of sea lamprey for lake trout in eastern Wisconsin 

waters of Lake Superior during 1980–2004. 
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Figure 4.  Age-specific selectivity of commercial gill-net fisheries (upper panel) and 

recreational angling fisheries (lower panel) for lake trout in eastern Wisconsin waters of 

Lake Superior during 1980–2004. 
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Figure 5.  The relationship between instantaneous sea lamprey mortality  on age-

15-and-older lake trout and age-4-and-older lake trout abundance in eastern Wisconsin 

waters of Lake Superior during 1980–2004. 
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Figure 6.  The relationship between the natural logarithm of instantaneous sea lamprey 

mortality (  on age-15-and-older lake trout and the natural logarithm of age-4-and-

older lake trout abundance in eastern Wisconsin waters of Lake Superior during 1980–

2004. 

)LM
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Figure 7.  The relationship between number of age-4 lake trout (recruits) and age-8-and-

older adult lake trout (spawners) in eastern Wisconsin waters of Lake Superior during 

1980–2004.  The curve depicts the fitted Ricker stock-recruitment model. 
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Figure 8.  The relationship between the recruitment rate of age-4 lake trout 

[Loge(Recruits/Spawner)] and age-8-and-older adult lake trout abundance (spawners) in 

eastern Wisconsin waters of Lake Superior during 1980–2004. 
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Figure 9.  Mean simulated abundance of age-4-and-older lake trout (+ 95% confidence 

interval) versus commercial gill-net fishing mortality (upper panel) and recreational 

angling fishing mortality (lower panel) in eastern Wisconsin waters of Lake Superior 

(iterations = 1,000; time = 200 years). 
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Figure 10.  Mean simulated abundance of age-4-and-older lake trout (+ 95% confidence 

interval) versus median total annual mortality rate for commercial gill-net fishing 

mortality (upper panel) and recreational angling fishing mortality (lower panel) in eastern 

Wisconsin waters of Lake Superior (iterations = 1,000; time = 200 years). 
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Figure 11.  Probability of extinction (+ 95% confidence interval) versus commercial gill-

net fishing mortality (upper panel) and recreational angling fishing mortality (lower panel) 

for the lake trout population in eastern Wisconsin waters of Lake Superior (iterations = 

1,000; time = 200 years). 
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Figure 12.  Probability of extinction (+ 95% confidence interval) versus the median total 

annual mortality rate for commercial gill-net fishing mortality (upper panel) and 

recreational angling fishing mortality (lower panel) for the lake trout population in 

eastern Wisconsin waters of Lake Superior (iterations = 1,000; time = 200 years). 
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Figure 13.  Time to extinction (+ 95% confidence interval) versus commercial gill-net 

fishing mortality (upper panel) and recreational angling fishing mortality (lower panel) 

for the lake trout population in eastern Wisconsin waters of Lake Superior (iterations = 

1,000; time = 200 years). 
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Figure 14.  Time to extinction (+ 95% confidence interval) versus the median total annual 

mortality rate for commercial gill-net fishing mortality (upper panel) and recreational 

angling fishing mortality (lower panel) for the lake trout population in eastern Wisconsin 

waters of Lake Superior (iterations = 1,000; time = 200 years). 
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