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ABSTRACT

KEEPING UP WITH THE TIMES: ARE MORE CONSERVATIVE CONTROL RULES
NEEDED TO PROTECT INTERMIXING LAKE WHITEFISH POPULATIONS?

By
Kyle J. Molton

The goals of this research were to: 1) investigate how intermixing of populations affected
the performance of the 65% total mortality control rule that is currently used to manage lake
whitefish (Coregonus clupeaformis) fisheries in the 1836 Treaty waters (TW) of the Great
Lakes; and 2) explore the performance of alternative mortality rates for lake whitefish fisheries
in the 1836 TW under different intermixing and productivity scenarios. The simulation
framework that was developed modeled the dynamics of four intermixing, age-structured fish
populations with varying levels of productivity. The framework also included a full age-
structured assessment of the mixed fisheries, with abundance, mortality and recruitment
estimates from these assessments used in combination with harvest control rules to set total
allowable catches for stocks. In chapter 1, the 65% total mortality control rule was found to
perform poorly in terms of protecting lower productivity populations. Yields from areas
occupied by low productivity populations were often similar in magnitude to areas occupied by
high productivity populations as a result of intermixing, which could result in managers thinking
low productivity populations could be fished more intensively. In chapter 2, 45% and 55% total
mortality control rules were found to perform better than the current control rule in ensuring
population sustainability, maximizing yields, and increasing yield stability under certain
productivity and intermixing levels. Alternative control rules resulted in mortality rates similar
to what has been estimated for lake whitefish stocks in the 1836 TW, reducing the potential

effects on commercial fishers if the control rule was indeed changed to this lower mortality rate.
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PREFACE

The chapters of this thesis were drafted as standalone papers that will be submitted for
publication in peer-review journals. Chapter 1 is intended for submission to the Journal of Great
Lakes Research; Chapter 2 is intended for submission to Fisheries Research. The bibliographic
references in this thesis are therefore formatted according to the requisite reference style for
those publications. When submitted, both manuscripts will include Drs. Travis Brenden and
James Bence as co-authors. Consequently, both Chapters 1 and 2 are written with first person,

plural narratives, even though | am listed as the sole author of the thesis.
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INTRODUCTION

Management of lake whitefish (Coregonus clupeaformis) fisheries in the 1836 Treaty
waters (TW) of the Great Lakes uses a stock-based management approach, with assessments
conducted on and total allowable catches set for individual stocks (Ebener et al., 2005; Woldt et
al., 2007). A common assumption with stock-based management is that exploited fisheries are
comprised of fish from a single spawning population. Recent evidence, however, suggests that
lake whitefish populations in the 1836 TW intermix considerably during non-spawning periods
and that many of the fish stocks exploited by commercial fishers consist of individuals from
multiple spawning populations (Ebener et al., 2010). This intermixing is not accounted for in
current assessment and management of lake whitefish fisheries, but nevertheless is a source of
concern. Intermixing of populations can have implications on fishery yields and sustainability of
individual populations depending on the degree of mixing, the underlying dynamics of the
populations, and the harvest policies that are used to manage the fisheries (Heifetz et al., 1997,
Quinn and Deriso, 1999; Punt et al., 2005; Dichmont et al., 2006; Punt, 2008; Kell et al,. 2009;
Kerr et al., 2010). Despite a general consensus that intermixing of fish populations is important,
a lack of understanding as to its effects makes it difficult to know if existing harvest policies for
lake whitefish fisheries in the 1836 TW are appropriate. Alternate strategies have been proposed
to account for population intermixing in some lake whitefish management units in the 1836 TW
(Ebener et al., 2010), but, to date, no formal assessment has been conducted to compare
performance of these different strategies.

Management of commercial and recreational fisheries often depends on harvest policies
set by managers seeking specific ecological, economic, and social outcomes. Balance between

conservation and economic objectives can be difficult to achieve due to conflicts between the



objectives (Hall and Donovan, 2002). It has been recommended that harvest policies be chosen
using computer-based simulations that consider uncertainties intrinsic to the system being
managed, weighing the ability of different approaches to meet desired outcomes (Cooke, 1999;
Smith et al., 1999; Punt et al., 2002; Kell et al., 2006; Deroba and Bence, 2008). Simulation-
based evaluations have been used to investigate performance of different harvest policies for lake
whitefish fisheries in the Great Lakes while accounting for factors such as stochasticity in life
history attributes (Deroba, 2009). To date, simulation-based evaluations of the performance of
different harvest policies that also account for intermixing among lake whitefish populations
have not been conducted. Simulation modeling has shown considerable promise as a method to
better understand the management implications of spatial structure of stocks (Kerr et al., 2010),
but spatial structure has seldom been incorporated into actual evaluations. Notable exceptions
include the evaluations conducted by Heifetz et al. (1997), Punt et al. (2005), Dichmont et al.
(2006), Wilberg et al. (2008), and Kell et al. (2009). Two reasons why spatial structure or
intermixing of fish populations is not commonly included in formal harvest policy evaluations
are that there are limited methods for modeling intermixing of fish populations and also many
systems lack reliable estimates of intermixing rates required for such an analysis (Quinn and
Deriso, 1999).

The goal of this research was to determine the effectiveness of the current control rule
and alternative variants of that rule for management of lake whitefish in the 1836 TW of the
Great Lakes, taking into consideration recent evidence that some populations intermix
considerably during the harvest season. In Chapter 1, I investigate how intermixing of
populations affects the performance of the 65% total mortality control rule that is currently used

to manage lake whitefish fisheries in the 1836 TW. In Chapter 2, | explore the performance of



alternative control rules for lake whitefish populations under different scenarios of population
intermixing and productivity levels. Each chapter was intended to provide valuable information
regarding the management of lake whitefish fisheries in the Great Lakes, but also to be

informative to broader audiences due to the commonness of population intermixing.
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CHAPTER 1

CONTROL RULE PERFORMANCE FOR INTERMIXING LAKE WHITEFISH
POPULATIONS IN THE 1836 TREATY WATERS OF THE GREAT LAKES: A

SIMULATION-BASED EVALUATION

Abstract

We conducted a simulation-based evaluation exploring the effects of population
intermixing on the current 65% total annual mortality control rule used to manage lake whitefish
(Coregonus clupeaformis) fisheries in the 1836 Treaty waters of the Laurentian Great Lakes.
The simulations incorporated intermixing among four populations with characteristics similar to
that of populations in northern lakes Huron and Michigan. Dynamics of each population were
simulated for 100 years with each stock exploited by a single fishery. An age-structured
assessment of each stock was conducted every third year, with the abundance, mortality, and

recruitment estimates used with the current control rule to set future harvest limits. Mean annual

yield, inter-annual variation in yield, mean percentage of unfished spawning biomass (SSBg=g),

and percentage of years that spawning biomass declined to less than 20% SSBg=q were used to

evaluate the performance of the 65% total annual mortality control rule to different population
intermixing and productivity scenarios. Mean annual yield was the most sensitive metric to
assumptions about intermixing and population productivity. Yields from areas occupied by low
productivity populations were often similar to those occupied by high productivity populations
when intermixing occurred, which could result in managers thinking low productivity

populations could be fished more intensively. Large yields occurred despite spawning biomass
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levels of low productivity populations generally being less than 20% of SSBE=q, suggesting that

the current control rule may not offer adequate protection to low productivity populations and

that more conservative rules may be needed to ensure sustainability of intermixed populations.

Introduction

The 1836 Treaty waters (TW) of lakes Huron, Michigan and Superior is a region of the
Laurentian Great Lakes comprising approximately 5.8 million ha that was ceded to the U.S.
federal government by the Chippewa and Ottawa Nations of Native Americans as part of the
Treaty of Washington. Although lands and waters within the treaty boundaries were ceded to the
federal government, tribal members retained the right to subsistence hunt and fish free of state
regulations. The right to subsistence fish in the 1836 TW was upheld in both a 1979 U.S.
District Court ruling (United States v. Michigan, 1979) and a 1981 U.S. Court of Appeals ruling
(United States v. Michigan, 1981). In addition to having the recognized right to fish free of state
regulations, Native American tribes also are expected to participate in the management of 1836
TW fisheries to ensure protection and future sustainability of the resources (Brenden et al., in
press). Two federal-ordered Consent Decrees that govern the management, allocation, and
regulation of fishery resources within the 1836 TW have been enacted that have evolved through
negotiations between representatives of the State of Michigan, the U.S. Department of Interior,
and several Chippewa-Ottawa tribal governments (Ebener et al., 2008). The first Consent
Decree was enacted in 1985; the second was enacted in 2000 and will expire in 2020.
Management of lake whitefish (Coregonus clupeaformis) and lake trout (Salvelinus namaycush)
stocks within the 1836 TW is the primary focus of the 1985 and 2000 Consent Decrees, although

management of several other species is also addressed.



As part of the 2000 Consent Decree, a set of guidelines for managing lake whitefish
fisheries in each of the 18 lake whitefish management units that lie within the 1836 TW was
enacted. The guidelines define a maximum allowable annual mortality rate of 65%, which has
been further refined to a harvest control rule of 65% total allowable annual mortality on the age
class with the greatest fishing mortality. Additionally, it has been stipulated that spawning stock
biomass per recruit (SSBR) in each of the management areas should not fall below 20% of what
each stock would achieve without fishing (Mohr and Ebener, 2005). If a 65% mortality rate
results in SSBR falling below this level, then the mortality rate is reduced until a 20% SSBR
level is obtained. The 2000 Consent Decree specifies that harvest limits within each
management unit will be calculated using appropriate statistical and mathematical modeling
techniques. Presently for most management units, statistical catch-at-age (SCAA) models are
used to annually estimate mortality rates and project lake whitefish abundances at age (Caroffino
and Lenart, 2011). These projected abundances along with the 65% total annual mortality
control rule are then used to generate total allowable catches (TAC) for each unit (Ebener et al.,
2005; Mohr and Ebener, 2005). Apportionment of the TAC to state and tribal fishers differs by
management unit with the exact apportionments specified in the 2000 Consent Decree.

Lake whitefish management units were originally delineated to represent the spatial
distributions of reproductively isolated spawning populations and the dynamics of the fisheries
that exploited the populations (Rybicki and Schneeberger, 1990; Ebener et al., 2005, 2008). This
stock-based approach to management was proposed in the 1970s to protect spawning populations
and thereby maintain genetic diversity of lake whitefish populations (Patriarche, 1977; Spangler
etal., 1981; MacLean and Evans, 1981). The intensive management actions implemented in the

1836 TW and elsewhere in the Great Lakes, along with reductions in sea lamprey (Petromyzon



marinus) densities, habitat restoration, and water quality improvements, have been credited with
the phenomenal rebound of lake whitefish from the low abundance levels of the 1950s and 1960s
(Ebener, 1997; Ebener et al., 2008). Recently, concerns have arisen that sustainability of lake
whitefish populations may be at risk due to major changes in the Great Lakes benthic
communities, including the collapse of the preferred prey of lake whitefish, Diporeia spp., and
increased abundance of non-native dreissenid mussels (Nalepa et al., 1998, 2007, 2009a). One
purported consequence of dreissenid mussel invasion has been a decrease in pelagic productivity
in invaded lakes (VVanderploeg et al., 2002; Higgins et al., 2011). This decline in productivity
coupled with increased lake whitefish abundance in the Great Lakes may be resulting in altered
lake whitefish foraging behavior (Pothoven and Madenjian, 2008; Nalepa et al., 2009b) as well
as reduced growth and body condition (Pothoven et al., 2001, Rennie et al., 2009), reduced egg
production and egg quality (Kratzer et al., 2007), and shifts in depth distribution (Mohr and
Ebener, 2005). Recent tagging and genetic studies conducted in northern lakes Huron and
Michigan suggest that movement of lake whitefish has also increased considerably over the last
15 to 30 years with fish from various spawning populations now intermixing substantially during
non-spawning periods (VanDeHey, 2009; Ebener et al., 2010; Stott et al., 2010). Although it is
not known definitively what has led to increased movement of lake whitefish, one obvious
hypothesis is that it is a consequence of reduced densities of Diporeia, which has resulted in fish
expanding foraging areas to meet energetic needs (Ebener et al., 2010).

Stock-based management, such as that implemented for lake whitefish in the 1836 TW,
has been a relatively common management approach both within the Great Lakes and more
broadly (Stephenson, 1999). A common underlying assumption of stock-based management is

that exploited stocks consist of fish from a single spawning population rather than consisting of
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fish from multiple spawning populations. When exploited stocks consist of intermixed fish
populations, past research has found that stock-based management approaches can perform
poorly (Heifetz et al., 1997; Quinn and Deriso, 1999; Punt et al., 2005; Dichmont et al., 2006;
Punt, 2008). The sustainability of harvest and spawning populations under marine protected
areas (MPA), a quasi-form of stock-based management with certain stocks closed to fishing, can
be reduced when there is movement between populations, particularly when there are both
source and sink populations (Crowder et al., 2000; Sanchirico et al., 2006; Armstrong, 2007).
Wilberg et al. (2008) found that source-sink dynamics could affect harvest policy performance
for yellow perch (Perca flavescens) in Lake Michigan beyond a protected area context. Fu and
Fanning (2004) and Kell et al. (2009) each found that metapopulations of fish could be extirpated
if intermixing of populations was not accounted for in a manner consistent with actual
conditions. Perhaps the most well-known case of admixed fisheries negatively affecting
individual spawning populations have occurred in the Pacific Northwest of North America,
where entire spawning populations of Chinook (Oncorhynchus tshawytscha), coho (O. kisutch),
pink (O. gorbuscha), chum (O. keta), sockeye (O. nerka), and steelhead salmon have been
extirpated due in part to overfishing of low productivity populations in admixed stocks
(Morishima and Henry, 1999).

Despite wide recognition that population intermixing can be important, spatially-explicit
assessment models are rarely implemented, although recently this has begun to change (Cadrin
and Secor, 2009; Goethel et al., 2011). Ultimately, the effect that intermixing has on fish
populations depends on the mixing rates, the productivities of the populations, and the particular
policies that are used to manage the stocks. Within the 1836 TW, lake whitefish fisheries

continue to be managed primarily through a stock-based approach. It is not currently known
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how populations may be affected by intermixing under the current 65% total annual mortality
control rule. Originally, this control rule was adopted based on research that indicated that this
level of mortality was sustainable, and substantially higher mortality rates were not (Ebener et
al., 2008). Deroba (2009), found the 65% control rule to perform reasonably even with changes
in life history characteristics of lake whitefish in recent years, however the considerable
ecosystem-level changes that have occurred in the Great Lakes, including greater rates of
intermixing among populations with differing levels of productivity, still raise concern as to
whether the current limit on mortality is sufficient to protect genetic diversity of populations in
the 1836 TW.

The purpose of this research was to evaluate the performance of the 65% total annual
mortality control rule that is currently in effect in the 1836 TW under different scenarios of
population productivity and intermixing. The intent was to provide guidance to managers as to
what effect different intermixing and productivity scenarios could have on commercial fishery
harvest and sustainability of lake whitefish populations if they continued to be managed under

the existing control rule.

Methods
Definitions of Terms

Herein, “population” and “spawning population” are used interchangeably and refer to a
group of fish that spawn in the same geographical area and exhibit natal philopatry. Similarly,
“stock” and “mixed stock™ are also used interchangeably and refer to fish that reside in a
particular geographic area during the period of fishery harvest, and may contain fish from several

different spawning populations if mixing occurs. This means that all aspects of the fishery (i.e.
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harvest and assessment) occur in relation to stocks, while measures such as spawning biomass

and recruitment are characteristics of populations.

Model of Lake Whitefish Dynamics

We simulated the dynamics of four fish populations that were assumed to intermix to
varying degrees during large portions of the year but which maintained strong spawning site
fidelity and thus did not intermix during spawning. Conceptually, this matched the overlap”
assumption with reproductive isolation described by Porch (2003) and Cadrin and Secor (2009).
The simulated populations had characteristics similar to those of lake whitefish populations in
northern lakes Huron and Michigan, but were not meant to exactly replicate particular
populations. The composition of each population was represented by fish ages 1 (age of
recruitment) through 11, and an aggregated group of all fish ages 12 and older. Fish were
assumed to intermix immediately after spawning, with certain fractions of each population either
staying within their natal areas or moving to areas where the other populations spawned. After
movement occurred, each mixed stock was assumed to be commercially exploited during the
remainder of the year. Surviving fish redistributed among the stocks each year, with mature fish
spawning in their natal stocks after returning at the end of each year.

Four different levels of intermixing were assigned to spawning populations in this
analysis. No mixing where all fish stayed in their natal area during the harvest season, low
mixing where 10% of the fish moved from their natal area to the other areas, intermediate mixing
where 40% of the fish moved from their natal area to the other areas, and high mixing where
80% of the fish moved from their natal area to the other areas. The levels of high, intermediate

and low intermixing were based in part on the results of tagging studies conducted by Ebener et
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al. (2010), who found comparable levels of intermixing for lake whitefish populations in
northern Lakes Huron and Michigan. We assumed that the proportion of the fish emigrating
from an area would be equally divided among the other areas of the mixed stock system.

Abundances at age of each of the populations were simulated using an exponential
population model, with total mortality partitioned into natural and fishing mortality components.
Instantaneous natural mortality for all ages for each of the populations was set equal to 0.25,
which is within the range of natural mortality rates reported for the 1836 TW (Caroffino and
Lenart, 2011). Recruitment of the populations was modeled with a Ricker recruitment model
using egg production of the spawning population as stock size (SSE) and with recruits defined as
numbers of age-1 fish produced in the year following spawning (Table 1.1). Stochasticity was
incorporated via a multiplicative lognormal process error. We chose the Ricker formulation for
modeling recruitment because of strong evidence for over-compensation in lake whitefish
populations at high abundances (Healey, 1978; Henderson et al., 1983; Kratzer et al., 2007) and
because it is the assumed recruitment relationship for lake whitefish assessment models in the
1836 TW (Caroffino and Lenart, 2011).

Differences in productivity among the four spawning populations were incorporated via
adjustments to the coefficients of the recruitment functions. Specifically, the coefficients were
adjusted so that each population in the absence of intermixing had equal maximum sustainable
yields (MSY) but at differing levels of exploitation. For our evaluations, we considered four
productivity levels for the spawning populations: high, medium-high, medium-low, and low
productivities (Figure 1.1). High productivity populations were defined such that they had
spawning potential ratios (the ratio of spawning stock biomass per recruit at MSY exploitation to

unfished spawning stock biomass) of 20% (Table 1.2). Medium-high, medium-low, and low
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productivity populations were defined such that they had spawning potential ratios of 30, 40 and
50%, respectively (Table 1.2). Based on deterministic models sharing the same stock
recruitment parameters and fishery characteristics used in this analysis, the estimated MSY
instantaneous fishing mortality rate on the most selected age class for each productivity level was
0.258 (low productivity), 0.393 (medium-low productivity), 0.631 (medium-high productivity),
and 1.15 (high productivity). The range of the recruitment parameter coefficients used to
characterize the different productivity levels was similar to what has been estimated for lake
whitefish fisheries in the 1836 TW (Deroba, 2009).

Egg production of the spawning populations was calculated as the product of abundance
at age, proportion mature at age, weight at age, proportion of females in the population, and the
number of eggs per kilogram of fish (Table 1.1). Lengths at age were predicted with a von
Bertalanffy growth model, weight at age was predicted using an allometric growth model, and
maturity was modeled as a logistic function (Table 1.1). The ratio of males to females at all ages
was assumed to be equal and the number of eggs produced per kg of fish was constant (Table
1.1). Total SSE was calculated by summing age-specific SSE.

For simplicity, it was assumed that each stock was exploited independently by a single
commercial fishery, and that the age-specific vulnerability (i.e., selectivity) patterns were the
same for each stock, although the level of exploitation for the stocks varied according to the
allotted TAC. Age-specific fishing mortalities were modeled as the product of a fully-selected

fishing rate and the age-specific selectivities
F,y,a=saFi,y:
where s indicates selectivity at age (a), and Fj y represents the fully-selected fishing mortality

rate in year y for a given area (i) regardless of which area fish originated in. Fishery selectivity
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was modeled as a gamma function of age (Table 1.1), which permitted a dome-shaped
relationship between selectivity and age. Selectivity was set equal to O for age-2 and younger
fish as these ages of fish are rarely harvested in the 1836 TW. Selectivities were scaled such that
the fully selected age class had a selectivity value of 1.0.

The fully-selected fishing mortality rates that fish experienced in the simulations were
determined from how much harvest occurred in each year and area and the abundance at age of
all fish in the particular area at the time of exploitation. Implementation error associated with the

TAC was incorporated via an independent lognormal error
Ci v =TAC; yexp(uj y—0502 ): v y ~N(0,62
Iy = 1AM,y &PLU,y =Booc ) Uy °c)

where Ci y is the actual amount of commercial harvest for an area, TACi y is the assessed TAC

for an area, and v, y is a normally distributed random variable with expectation 0 and variance of

2

UC,

which was set equal to 0.01. A correction factor was included so that the expectation of

actual harvest was equal to the target TAC. The intent of the implementation error was to mimic
management actions that alter exploitation levels but do so imperfectly as a consequence of
managers not having complete control over a fishery. Because the fishery was assumed to occur
throughout the year with age-specific vulnerabilities, the fishing mortality rate that produced the
correct amount of harvest in each area and year was solved for numerically using a Newton-
Raphson algorithm as described in Deroba (2009).

Given the intermixing and population dynamics framework described above, abundance
at age of a particular population depended on what fraction of the population moved to other
areas and the amount of fishing mortality that each of these fractions experienced in the areas to

which they moved. Using an exponential population model, abundances at age of a particular
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spawning population could be represented as

Ni,y+1a+1=Nj y ab —i exp(—M —Fi,y,a)+Z_Ni,y,a6’| Ny exp(—M —Fj,y,a)'
j

where Njy a is the abundance of fish from spawning population i of age a in yeary, @is the
fraction of each spawning population either located within their natal area (&_s;) or located in
other areas after movement (6_,j), M is the natural mortality rate that is assumed for this

research to be constant across populations, years, and ages, and Fjy 5 is the year- and age-

specific instantaneous fishing mortality rate of fish occurring in the natal area of spawning
population i. This specification of abundances at age for the spawning populations matched the
discrete-time format of the Beverton and Holt (1957) box-transfer model for describing changes

in abundance as a result of movement across a region boundary (Goethel et al., 2011). The total

abundance of fish in a particular area once intermixing occurred (N i y,a) could be represented
as

Ni.y,a=Ni,yafl i +2Nj,y,adj >i -
J

Observation Components

The data available for use in stock assessment models was assumed to consist of fishery
harvest-at-age for each stock and year and a reported measure of the amount of fishing effort
occurring in each area and year, which matches the data used in many of the lake whitefish

assessments in the Great Lakes. Observed harvest for a given fished area differed from actual
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harvest as a result of observation error (Francis and Shotton, 1997; Butterworth and Punt, 1999),

which like implementation error was modeled as an independent lognormal error
Ci v =C; exp(wi 0502 ) @j vy ~ N (O o2 ) ,
) y ’ y l y C ’ ] y ! C

where éi y Is observed commercial harvest and @, y is a normally distributed random variable

with expectation 0 and variance of 0(23 , which was assumed to equal 0.01. We modeled

observed proportions at age in the harvest as though they arose from a multinomial distribution
with probabilities equal to the actual age composition of harvest and an assumed sample size of
200 fish. Again, this was intended to mimic the real-world situation where harvest estimates
arise from a harvest reporting system and the age composition of the harvest arise from a
biological sampling program; consequently, there is some level of error associated with both
observations.

The amount of fishing effort that occurred in each area and year was calculated by

dividing the fully-selected fishing mortality rate for that area and year by a catchability of
1.5O><1Oe_6. Observation error in the effort measurements was again modeled as an independent
lognormal error

~ F|,y

2 2
Eiy= exp(vi’ —O.50~); Vi, ~N(O,a~),
Y 1 50x10e® y E y E

where Ei y is observed effort, Fi y is the fully selected fishing mortality rate, and vi y isa

normally distributed random variable with expectation of 0 and variance of aé , Which was

assumed to equal 0.04.
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Assessment Model

The assessment model that was used to estimate abundances and mortality rates for the
purpose of determining the TACs for each simulated stock in each year consisted of a SCAA
model similar to those currently used to assess lake whitefish stocks in the 1836 TW (Ebener et
al., 2005; Caroffino and Lenart, 2011). The estimates from the assessment model used to
implement the harvest control rule each year were based on the highest posterior density
estimates (sometimes referred to as maximum penalized likelihood estimates). The data used in
fitting the SCAA models included observed harvest, observed age composition of the harvest,
and observed fishing effort for each area. The objective function for the SCAA model consisted
of the sum of three components being either negative log-likelihood components or negative log-
prior (penalty) components. Lognormal distributions were assumed for the total annual harvest
from the fishery and for the log-prior (penalty) component associated with the fishing mortality-
effort relationships as explained below. The proportions at age of the harvest in each year were
assumed to have arisen from a multinomial sample. When fitting the SCAA model, the
dispersion parameter for the negative log-likelihood for the fishery harvest data component was
included as one of the estimated parameters. The dispersion parameter for the negative log-prior
(penalty) component for the fishing mortality-effort relationship deviation was set equal to four-
times the value of the estimated fishery harvest dispersion parameter. The negative log-
likelihood component for the fishery harvest age composition was weighted by the assumed
effective sample size of 200.

In the 2000 Consent Decree, it is specified that lake whitefish harvest limits are to be set
in the year preceding that in which the limits will take effect using data collected two years prior

to the effective harvest year (Ebener et al., 2008); thus TACs set for 2011 are based on
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assessments conducted in 2010 using data collected through 2009. We incorporated a similar
time lag in our simulations. When fitting the assessment models, only the 20 years of data prior
to the year for which current abundances and mortality rates were assessed were included.
Because assessments were only conducted when 20 years or more of data were available, no
assessments were conducted during the first 20 years of the simulation period. During this
“burn-in” period, the TAC for each area and year was set based on actual abundances rather than
the unavailable assessed abundances. This “burn-in” period was simply a method to obtain an
initial abundance at age for year 21, at which point a full fishery harvest policy analysis,
including actual assessment of the stocks, could be implemented.

The structure of the SCAA model that was used to assess the stocks was similar to that
used to simulate the population dynamics (e.g., abundances were computed using the exponential
population with fishing and natural mortality components). Abundance at age in the SCAA
model were estimated for ages 3 to 12, with the last age class consisting of an aggregate group
that included age-12 and older fish. For the SCAA model, it was assumed that biologists were
unaware of or ignored population intermixing and thus did not attempt to incorporate fish
movement in the assessment models. Natural mortality rates were not estimated in the SCAA
models; rather, the natural mortality rates in the SCAA models were set equal to the values used
to simulate dynamics of the populations (0.25). Fishing mortality for the fishery component
included in the SCAA model was assumed to be separable into age and year effects (Doubleday,
1976; Quinn and Deriso, 1999). Specifically, instantaneous fishing mortality for each stock was

estimated as

F,y,a =S$i,adiEi, y&i,y
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where lfi,y, awas the estimated fishing mortality rate by stock, year, and age, §j 5 was the

estimated selectivity at age for each stock, ¢ was the estimated catchability for each stock, Ei y

was the measured fishing effort in each stock and year, and &, were stock and year

multiplicative deviations from the direct proportionality between observed fishing effort and
fishing mortality. The annual deviations in the fishing mortality-effort relationships were
constrained to sum to zero and as suggested earlier were assumed to be distributed lognormally
in terms of their contribution to the objective function used in fitting the model. As when
simulating the stock dynamics, selectivities in the SCAA model were calculated as gamma
functions of age with the parameters of the functions estimated as part of the model fitting
process. Estimated selectivities at age were scaled relative to age-10 selectivities.

Initial abundances at age for age-4 to age-12 fish in the SCAA models were estimated as
the product of a mean abundance value multiplied by an annual multiplicative deviation. Annual
recruitment in the SCAA models (age-3 abundance) was also estimated as the product of a mean
recruitment value multiplied by an annual multiplicative deviation. The deviations for both
initial abundances and recruitments were constrained to sum to 0, but no distributions were
assumed for the deviations so large differences in annual values from the means were not
penalized. Age-specific harvest from each stock in the SCAA models was predicted using the
Baranov catch equation. Total harvest was calculated by summing age-specific values, and age
composition of the harvest for the stocks was calculated by dividing age-specific harvest by the
total harvest. Both totals and composition contributed to the objective function via comparison

with actual (simulated) values based on their assumed distributions.
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Because of the considerable processing time needed to conduct the simulations for this
research, the SCAA model assessments were conducted on the stocks every third year rather than
annually. In the intervening years, TACs for the stocks remained at the levels set from when the
SCAA model assessments were last conducted. Although this diverges from how the
assessments have been conducted for lake whitefish stocks in the 1836 TW, there are some
within the group responsible for conducting the assessments on the lake whitefish stocks
suggesting a move from conducting annual assessments in favor of every other or every third
year assessments (M. P. Ebener, Chippewa-Ottawa Resource Authority, personal
communication). Based on this, we did not believe that designing our simulations such that
assessments were conducted every three years was farfetched; rather, we thought it would
provide useful guidance to those who conduct the actual lake whitefish assessments as to the
positive and negative aspects of switching when the assessments were conducted.

The search for the HPD SCAA model parameter estimates used the quasi-Newton
optimization algorithm implemented in AD Model Builder (Fournier et al., in press). The SCAA
models were considered to have converged on a solution when the maximum gradient of
parameters with respect to the objective function was less than 0.001. Upper and lower bounds
were specified for all parameters to help keep the optimization algorithm from flat parts of the
likelihood surface. These bounds were chosen to represent values above or below which would
be considered implausible. In rare cases where the assessment model failed to converge properly
as defined above, the previous TAC generated for the stock was implemented until the next
assessment was performed so faulty assessment outputs would not bias the analysis.

The performance of the SCAA model was assessed by calculating the mean relative error

(MRE) and mean absolute relative error (MARE) between the estimated and true harvest for the
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20 years of harvest data included each time an assessment was performed. We also calculated
the MRE and MARE between the estimated and true abundances of the stocks (after mixing but

prior to fishery harvest) in the last year of each assessment.

Abundance Projections and TAC Calculations

The SCAA model estimates of abundances at age, age-specific mortality rates, and
recruitment levels were used to project future abundances at age and calculate TACs for each
stock area. The projections used the abundance-at-age estimates from the beginning of the last
year of the stock assessment model, along with the mean recruitment levels and mortality rates
from the previous five years to project abundances. The target age-specific fishing mortality
rates were then calculated by subtracting the natural mortality rates from a 65% total annual
mortality rate control rule (converted to an instantaneous scale) and multiplying this difference
by the age-specific selectivities that were estimated in the last year of the SCAA model. These
target age-specific fishing mortality rates were then included in the Baranov catch equation along
with the projected abundance at age estimates to determine what the allowable TAC would be

for each stock.

Experimental Design

A total of 21 scenarios consisting of different combinations of population intermixing
rates and productivity levels were examined to assess the performance of the 65% total annual
mortality control rule. It is not presently known what factors contribute to intermixing of lake
whitefish populations or why some populations in northern lakes Huron and Michigan appear to

move little while others disperse widely. Thus, we examined a broad range of scenarios so as to
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provide managers with the most information possible in the event that intermixing-productivity
relationships within lake whitefish populations are better clarified. The examined scenarios were
categorized into four groups (All Shared, Shared Mixing, Shared Productivity and Correlated).
The exact intermixing rates and productivity levels that were assumed for the populations under
each investigated scenario are listed in Table 1.3. In the All Shared grouping, productivity and
intermixing levels were set at the same values for all populations. The intent of these scenarios
was to test the performance of the control rule when all populations experienced the same
intermixing and productivity levels. The Shared Mixing group consisted of three scenarios in
which all populations intermixed at the same rate but had varied levels of productivity. For this
grouping of scenarios, it was assumed each lake whitefish population had one of the four
productivity levels developed for the analysis. The Shared Productivity grouping of scenarios
was in the same vein as the Shared Mixing group except that productivity levels of the
populations were the same and the mixing rates were assumed to be different. The Correlated
group consisted of just two scenarios in which movement of fish from spawning areas was either
positively or negatively (inversely) correlated with population productivity levels. In the
negatively correlated scenario, the population with the lowest rate of intermixing had the highest
productivity level. In the positively correlated scenario, the population with the lowest rate of

intermixing had the lowest productivity level.

Performance Metrics and Simulation Details
The performance of the 65% total annual mortality control rule to each examined
scenario was evaluated based on the assumption that the management objectives for the fisheries

were to have high and stable yields and for populations to be sustainable over long time periods.
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Based on these objectives, metrics that were used to evaluate performance included mean fishery

yield for each area, the mean aggregate fishery yield (sum of the yields across the areas), inter-

annual variability in fishery yields, mean percentage of unfished SSB (SSBg=g), and the

percentage of years the SSB declined to less than 20% of SSBr=g. The 20% SSBg=qg is a

frequently used measure of risk of depletion (Beddington and Cooke, 1983; Francis, 1992; Punt,
1995, 1997), although as pointed out by Hilborn (1997) the 20% level is arbitrary.

Simulations were conducted in AD Model Builder (Fournier et al., in press). Each
simulation involved the projection of stock dynamics under the assumed intermixing and
productivity levels over a 100 year time span. Performance metrics were only calculated based
on the data from the last 80 years of the simulations (i.e., the burn-in period was not included in
the calculations). One thousand simulations were conducted for each investigated scenario, with
comparisons among scenarios based on both the central tendency (median) and dispersion

(range) of the simulation results.

Results

The SCAA assessments that were conducted on the stocks performed well. Non-
convergence of the SCAA models was a rare occurrence with at most only two assessments
failing to converge during any 100 year model run, which was unlikely to have any bearing on
the overall results of this research. The harvest MRE and MARE were generally quite small
with the median harvest MRE and MARE for all scenarios being less than 3.0% (Table 1.4). The
abundance MRE and MARE were greater than those for harvest, with median abundance MRE

as large as 19% in some scenarios, with median abundance MARE as large as 29% (Table 1.4).
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All Shared Group

The highest mean annual yields were for the medium-high productivity scenarios,
followed by the high and medium-low productivity scenarios (Figure 1.2). Not surprisingly,
mean annual yield was the lowest for the scenarios with low productivity populations. The range
of yields across the simulations was greater for the medium-low and low productivity scenarios
than for the high and medium-high productivity scenarios (Figure 1.2). Overall, intermixing had
little effect on fishery yields, which was to be expected for this scenario as all populations had
the same productivities and thus intermixing led to nearly equal levels of movement to and from
stocks areas. Cumulative mean annual yield results were similar to the mean annual yield
results; that is, the greatest yields were found for the medium-high productivity scenarios with
intermixing having very little effect on cumulative yields and the range of yields across the
simulations being greatest for medium low and low productivity scenarios (Figure 1.3). As for
inter-annual variability in yield, there was an inverse relationship between variability and
intermixing for the different productivity scenarios, with inter-annual variability decreasing with

higher rates of intermixing (Figure 1.4).
Both the mean percent of years that SSB declined to less than 20% of SSBg=q (Figure
1.5) and the mean percent of SSBr=q (Figure 1.6) were highly dependent on the productivity of

the spawning population. The percentage of years that spawning stock biomass declined to less

than 20% of SSBg=qg was low (<10%) for high productivity populations, and high (>80%) for

low productivity populations (Figure 1.5). Medium-high productivity populations performed
similar to that of high productivity populations, having very low percentages of years below the

threshold, while the medium-low productivity populations had a median value of around 50% of
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years below the threshold with at range covering near 0 to 100% (Figure 1.5). In terms of the

mean percent of SSBg=q, for high productivity populations median SSBs were approximately

50% of SSBg=g. For medium-high, medium-low, and low productivity populations, mean

percent of SSBE=g was on the order of 40%, 20%, and 5% respectively. As with the other

performance metrics, intermixing appeared to have little overall effect on the mean percent of

years that SSB declined to less than 20% of SSBE=g and mean percent of SSBg=g with perhaps a

slight decrease in the mean percent of years that SSB declined to less than 20% of SSBr-g and a

slight increases in mean percent of SSBg=g with higher rates of intermixing (Figures 1.5 and

1.6).

Shared Mixing Group

For the shared mixing group of scenarios, intermediate and high rates of intermixing led
to decreases in mean annual yield for high and medium-high productivity areas. For medium-
low productivity areas there was little change in yield with intermixing rate but the range about
the yield decreased slightly with increased mixing (Figure 1.2). Conversely, for low productivity
areas, mean annual yield increased considerably under intermediate rates of stock intermixing
compared to low rates of intermixing, and increased even more profoundly under high rates of
intermixing (Figure 1.2). The magnitude of increase in mean annual yield for the stock with low
productivity levels under high rates of intermixing was such that yields were nearly comparable
to those of areas with higher productivity levels under the All Shared group of scenarios. The

cumulative mean annual yield was approximately 550 tonnes for all three scenarios, suggesting
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that overall yield from the mixture system was relatively unaffected by intermixing and it
primarily resulted in reallocating harvest to different areas (Figure 1.3). Across all productivity
levels, inter-annual variability in yield declined as intermixing rates increased, although the
decline observed for the low and medium low productivity areas was slightly less than that

observed for the high and medium high productivity areas (Figure 1.4).

The results for percentage of years that SSB declined to less than 20% SSBg=g and mean

percentage of SSBr=g were similar to that observed for the All Shared grouping. That is, the

percentage of years that SSB declined to less than 20% SSBE=g was less than 20% for high and

medium high productivity populations, near 50% for medium-low productivity populations, and

generally greater than 80% for low productivity populations (Figure 1.5). Additionally, for high

productivity populations, mean percentage of SSBg=gwas generally around 50%, while lower

productivity populations mean percentages were around 35, 20 and 5%, respectively (Figure

1.6).

Shared Productivity Group

The mean annual yield for simulations in the Shared Productivity group varied
considerably with both rate of intermixing and productivity. When all populations had high
productivity levels, the medians of the mean annual yields varied from over 200 tonnes in the
area with no intermixing to nearly 75 tonnes in the area with high intermixing (Figure 1.2). Most
notably, a high productivity population with high intermixing could have yields similar to that of
low productivity populations in the all shared scenarios. Similar results were obtained when all

populations had medium-high and medium-low productivity levels, although the range in values
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obtained from the simulations was somewhat greater for the medium-low productivity level than
it was for the high productivity levels. When all populations had low productivity levels, mean
annual yields for areas with no or low intermixing were near100 tonnes. Areas with high
intermixing rates had mean annual yields ranging from 25 to 50 tonnes (Figure 1.2). Much like
what was observed for the All Shared scenarios, the cumulative mean annual yield depended on
the productivity of the populations in the scenario, with the cumulative yields obtained for the
various productivity levels nearly equal to the corresponding All Shared scenarios (Figure 1.3),
again suggesting that overall yield from the mixture system was relatively unaffected by
intermixing. Inter-annual variability in yield was fairly similar across the areas regardless of the
productivity levels assumed for the populations, although it did appear to decline with both lower

productivity levels and higher intermixing rates (Figure 1.4).

The results for percentage of years that SSB was less than 20% SSBEg=q (Figure 1.5) and

mean percent of SSBg=q (Figure 1.6) were similar to the previous scenarios. The percentage of

years that SSB was less than 20% SSBg—q level was generally less than 20% when populations

had high or medium-high productivity levels, between 20 and 60 % when populations had

medium-low productivity and greater than 80% when populations had low productivity levels

(Figure 1.5). The mean percentage of SSBr=gwhen populations had high productivity levels

was approximately 50%; and for low productivity levels the mean percentage of SSBg=gwas

around10%, with the medium-high and medium-low populations in between (Figure 1.6).

Correlated Group
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When population productivity and intermixing levels were inversely correlated (i.e.,
lower productivity populations had higher intermixing rates), mean annual yields in high
productivity populations increased to levels greater than those of medium-high productivity
populations in the all shared scenarios. For medium-high and medium-low productivity
populations, yields remained relatively stable, whereas yields for low productivity populations
decreased considerably from those of low productivity populations in the all shared scenarios.
When population productivity and intermixing levels were positively correlated (i.e., more
productive populations had higher intermixing rates), mean annual yields of areas with high
productivity populations declined to levels comparable to that of areas with low productivity
populations in the all shared scenarios (Figure 1.2). Similarly, mean annual yields of stocks with
less productive populations increased to levels comparable to that of stocks with high
productivity populations in the all shared scenarios. For medium-high productivity populations,
yields decreased to levels similar to medium-low productivity populations in the all shared
scenarios, whereas yields for medium-low productivity populations increased to levels similar to
medium-high productivity populations in the all shared scenarios. In terms of cumulative mean
annual yield, yields were nearly equal to those in the shared mixing scenarios with the positively
correlated mixing scenario slightly greater to that of the negatively correlated scenario (Figure

1.3). The inter-annual variability in yield (Figure 1.4), percentage of years that SSB was less

than 20% SSBEg=q (Figure 1.5), and mean percentage of SSBg=q (Figure 1.6) result were similar

to those from other examined scenarios.

Discussion
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The performance of harvest control rules for managing lake whitefish fisheries in the
Laurentian Great Lakes has previously been evaluated by Jacobson and Taylor (1985) and
Deroba (2009). In both cases, constant mortality control rules were found to perform adequately
with respect to maximizing fishery yield (Jacobson and Taylor, 1985; Deroba, 2009), although
Deroba (2009) found that biomass-based control rules were better at minimizing risk of depletion
if stock-specific levels of unfished biomass were known. Neither of these previous research
studies accounted for population intermixing in the harvest evaluations that were performed,
although Deroba (2009) did account for substantial complexity and uncertainty in various life-
history characteristics of fish populations (e.g., growth and recruitment rates). Overall, we found
intermixing to have little influence on inter-annual variability in fishery yields, at least at the

population productivity levels considered in this research. Risk of depletion to fish populations
as measured by the percentage of years that SSB declined to less than 20% SSBE=q also was not

affected by stock intermixing, but was strongly linked to assumed productivity levels.
Conversely, fishery yields in each stock area were clearly influenced by population intermixing
and productivity levels, and our research demonstrated that under particular combinations a
population can have a high risk of depletion even though the amount of harvest from the area
near where the population spawns was high as a result of fish from other populations moving
into the area. In essence, the productivities of the populations determined the yield from the
system as a whole, as demonstrated by the relatively stable cumulative fishery yields in the
shared mixing group of scenarios, but intermixing influenced the realizable yield from each area
by redistributing harvest. In particular, when higher productivity populations mixed
substantially into areas occupied by low productivity populations, the yield from the area

approached that of areas associated with high productivity populations. Similarly, it was
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possible for areas where highly productive populations spawned to have yields similar in
magnitude to that of areas where low productivity populations spawned.

Perhaps the most concerning result was that the 65% total annual mortality control rule
may not be sufficiently conservative for low productivity populations, but it would be difficult
for managers to determine this without knowledge as to the actual productivity levels of the
populations. This is in contrast to Deroba (2009), who found that the 65% mortality control rule
performed relatively well for lake whitefish stocks, even accounting for changes in life history
characteristics that concern managers (minus intermixing). One potential reason for the
mismatch in conclusions was that Deroba (2009) looked at the probability of outcomes for
harvest policies, with stock recruitment (productivity) values drawn from a set of estimated
values in each simulation. This meant the effects on low productivity populations were not
investigated directly, but included in a distribution of outcomes with higher productivity
populations. Another explanation for the mismatch is that the stock recruitment relationships in
Deroba (2009) were estimated from stock assessments conducted on lake whitefish stocks in the
TW, so intermixing may have led to overestimates of productivity in low productivity
populations. Our analysis, in contrast, investigated a plausible range of productivity levels,
without linking the productivities in our analysis to assessments performed on intermixing
stocks.

Because allowable catches were based on assessments that only made use of fishery
harvest and effort data, TACs were entirely based on the number of fish in a stock area during
the harvest season rather than the size of the spawning population. This discrepancy between the
spatial management approach and the data used in the assessment led to estimates of biomass

that were not reflective of the resident populations spawning stock biomass (Belcher and
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Jennings, 2009). This issue is often combated by including fishery independent data that targets
the spawning population spatially or seasonally and is thus less biased into assessments (Mesnil
et al., 2009; Harms et al., 2010). Consistent with the findings of Kell et al. (2009) who showed
that when catches from two simulated fish metapopulations were mixed in a virtual population
analysis assessment, it was possible for the collapse of one population to go entirely undetected,
raising concern that assessment mismatch may put some populations at risk.

The modeling subcommittee, which is responsible for assessment modeling of lake trout
and lake whitefish fisheries in the 1836 TW, has begun taking steps to account for the
intermixing of some lake whitefish populations. In northern Lake Huron, four lake whitefish
management units (WFH-01 to WFH-04) that were previously assessed and managed separately
are now being assessed with a single SCAA model that includes biological and commercial
fishery data from each management unit (Caroffino and Lenart, 2011). The impetus for this
change was the extensive intermixing of lake whitefish populations from these management units
based on the results of a tagging study conducted by Ebener et al. (2010). Although combining
intermixing stocks into a single assessment and management system is one reasonable approach
for dealing with stock intermixing, lumping the assessment can, depending on details, lead to
biased estimates of abundance and mortality rates (Kell et al., 2009). Furthermore, how the
combined TAC for a mixed stock is allocated spatially or to different fishery components can
influence sustainability (Heifetz et al., 1997), making knowledge about productivity of individual
populations important.

An alternative to pooling the assessment for management units with significant levels of
intermixing would be to construct a tag-integrated assessment model, which would incorporate a

tag-recapture component within an SCAA assessment model (Goethel el. al., 2011). Such an
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approach would certainly complicate the existing management system and require a long-term
commitment to tagging lake whitefish throughout the 1836 TW, but ultimately may prove useful
for lake whitefish management in the 1836 TW. Regardless, there still would remain the issue of
whether the 65% total annual mortality control rule is appropriate given current productivity
levels of lake whitefish stocks in the Great Lakes. Short of reducing allowable mortality, spatial
closures, seasonal closures, and regional or temporal allocation of TAC may also be useful to
account for intermixing. Another alternative to pooled or tag-integrated assessment models
would be to incorporate in existing SCAA models a fishery independent assessment of the lake
whitefish stocks during the spawning season in order to index spawning population size.

A simulation-based framework such as that used in this research is a relatively common
approach for providing advice to fishery managers about performance of fishery harvest control
rules and to explore how aspects of fish behavior and ecology or fishery dynamics can influence
management (Cooke, 1999; Deroba and Bence, 2008; Ralston and O’Farrel, 2008; Kerr et al.,
2010). Ebener et al. (2010) estimated that proportions of lake whitefish tagged at spawning sites
in northern lakes Huron and Michigan and recaptured in other management areas ranged from 19
to 90%, although it is not presently known with certainty what factors govern lake whitefish
movement. As previously indicated, one hypothesis is that movement rates are linked to food
availability and that stocks with locally depleted food resources move more widely in search of
areas with more abundant resources. Additional research to better understand intermixing in lake
whitefish stocks and what factors lead to high rates of intermixing would be beneficial for
providing more directed advice to fishery managers. Developing a better understanding of the
productivity of the lake whitefish spawning populations in the Great Lakes would allow us to

better determine how actual populations compare to the productivity levels we used in our
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analysis. Investigations that focus on the productivity of genetically and geographically distinct
spawning aggregations may lead to a better understanding of the true productivity of lake
whitefish populations in the upper Great Lakes than the current stock focused analyses.
Managers should keep in mind that the productivity levels of spawning populations have
important effects on the sustainability of the control rule used in the 1836 TW. If several
populations with different productivity levels intermix considerably, the assessments used do not
allow biologists and managers to develop a good understanding of the population responses to
fishing, limiting the capacity to improve management of lake whitefish populations.
Understanding the effects of productivity and intermixing on the performance of this control rule
will help to better manage lake whitefish into the future. Caution is required for managing
mixed stocks of lake whitefish as the lower productivity populations in the mixed stock may be
put at considerable risk if the stock is managed to harvest at a rate more appropriate for higher

productivity populations (Stephenson 1999).
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Figure 1.1. Ricker-stock recruitment relationships for the four levels of productivity used to
investigate the effects of population intermixing on the 65% total annual mortality control rule
used to manage lake whitefish fisheries in the 1836 Treaty waters of the Great Lakes.
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Figure 1.2
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Figure 1.2 (cont’d)

Mean annual fishery yield for each unit stock for the investigated scenarios. Boxes indicate the

25th and 75th percentiles over the simulations, while whiskers indicate 1.5 times the interquartile
range over simulations. Horizontal lines indicate the median of the yields for the simulations.
The symbols appearing above the boxplots indicate the level of intermixing and productivities
for the populations spawning in each stock region (square=no mixing, upside down triangle=low
mixing, diamond=intermediate mixing, triangle= high mixing; black=high productivity, dark
grey=medium high productivity, light grey=medium low productivity, white=low productivity).
On the x-axis, vertically oriented labels correspond to specific scenarios. See Table 1.3 for a
description of the investigated scenarios (A=all shared; B=shared mixing; C=shared
productivity; D=correlated).
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Figure 1.3. Mean annual cumulative fishery yield summed for each investigated scenario. Boxes

indicate the 25th and 75th percentiles over the simulations, while whiskers indicate 1.5 times the
interquartile range over simulations. Horizontal lines indicate the median of the yields for the
simulations. On the x-axis, vertically oriented labels correspond to specific scenarios. See Table
1.3 for a description of the scenarios (A=all shared; B=shared mixing; C=shared productivity;
D=correlated).
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Figure 1.4

Inter—annual Variation in Yield (%)
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Figure 1.4 (cont’d)

As for Fig. 1.3, except y-axis is mean inter-annual percent variation in fishery yield.
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Figure 1.5
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Figure 1.5 (cont’d)

As in Fig. 1.3, except y-axis is the mean percentage of years in each simulation that the spawning
stock biomass declined to less than 20 percent of the unfished spawning stock biomass

(SSBg=().
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Figure 1.6
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Figure 1.6 (cont’d)

As in Fig 1.3, except y-axis is mean annual percentage of unfished spawning stock biomass
(SSBE=() for the spawning populations
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Table 1.1. Equations with descriptions and values for fixed variable inputs used in the simulation
of lake whitefish populations and fisheries in this analysis.

Description of Equation

Equation

Parameter
Coefficients

Abundance (N) at age of
recruitment (age 1) by

year (y)

Spawning Stock Biomass

(SSB) by year (y)

Length (L) at age (a)

Weight (w) at age (a)

Maturity (m) at age (a)

Selectivity (s) at age (a)

N y,1= aSSEy -1 exp(—ﬁ . SSEy _1)exp(a|%)

SSE y=2 Ny amgawyFem-Eggs
a

Lg = Loo(l—exp(—zc(a—to)))

wy =yLg”

T1y exp(—SO? La-9))

Mgy

a'lexp(-ra)

Q=
107 exp(-710)

o =see Table 1.2
B =see Table 1.2

o4 =0.36
Fem=0.5
Eggs=19937/kg
L, =60.9 cm
x=0.1686

tg = 0.0 years
»=8.06x10"
w =245
mw=LO
$=0.315
0=37.9cm

M=13.074
T=1.26
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Table 1.2. Ricker stock-recruitment coefficients (Table 1.1) that were assumed for the different
productivity levels for lake whitefish spawning populations for assessing the effects of stock
intermixing on the current 65% total annual mortality control rule used to manage lake whitefish
fisheries in the 1836 Treaty waters of the Great Lakes.

Productivity Level Alpha (« ) Beta ()
Low 0.000369  7.1708x10 ™
Medium-Low 0.000516 1.2780x10'10
Medium-High 0.0007687 2.2758x10'10
High 0.001281 4.2988x10"°
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Table 1.3. Assumed intermixing (M) and productivity (P) levels of individual spawning
populations for each of the scenarios investigated in this research. Intermixing values indicate
the percent of lake whitefish that move from the natal region during the harvest season.
Productivity levels refer to high (H), medium-high (MH), medium-low (ML), or low (L)
productivities as described in Table 1.2.

Group Scenario Pop. 1 Pop. 2 Pop. 3 Pop. 4
M P M P M P M P
All Shared HP LM (High Prod., 10 H 10 H 10 H 10 H
Low Mix.)
HP IM (High Prod., 40 H 40 H 40 H 40 H
Int. Mix.)
HP HM (High Prod., 80 H 80 H 8 H 80 H
High Mix.)
MHP LM (Med-High Prod., 10 MH 10 MH 10 MH 10 MH
Low Mix.)
MHP IM (Med-High Prod., 40 MH 40 MH 40 MH 40 MH
Int. Mix.)
MHP HM (Med-High Prod., 80 MH 80 MH 80 MH 80 MH
High Mix.)
MLP LM (Med-Low Prod., 10 ML 10 ML 10 ML 10 ML
Low Mix.)
MLP IM (Med-Low Prod., 40 ML 40 ML 40 ML 40 ML
Int. Mix.)
MLP HM (Med-Low Prod., 80 ™ML 80 ML 8 ML 80 ML
High Mix.)
LP LM (Low Prod., 10 L 10 L 10 L 10 L
Low Mix.)
LP IM (Low Prod., 40 L 40 L 40 L 40 L
Int. Mix.)
LP HM (Low Prod., 80 L 80 L 8 L 80 L
High Mix.)
Shared VP LM (Varied Prod., 10 H 10 MH 10 ML 10 L
Mix. Low Mix.)
VP IM (Varied Prod., 40 H 40 MH 40 ML 40 L
Int. Mix.)
VP HM (Varied Prod., 80 H 80 MH 80 ML 80 L
High Mix.)
Shared HP VM (High Prod., 0 H 10 H 40 H 8 H
Prod. Varied Mix.)
MHP VM (Med-High Prod., 0O MH 10 MH 40 MH 80 MH
Varied Mix.)
MLP VM (Med-Low Prod., 0O ML 10 ™ML 40 ML 80 ML
Varied Mix.)
LP VM (Low Prod., 0 L 10 L 40 L 80 L
Varied Mix.)
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Table 1.3 (cont’d)

Correlated NEGC (Varied Prod., 0 H 10 MH 40 ML 80 L
Negatively Correlated Mix.)
POSC (Varied Prod., Positively 0 L 10 ML 40 MH 80 H
Correlated Mix.)
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Table 1.4. Median of the mean relative error (MRE) and the mean absolute relative error (MARE) for lake whitefish harvest and
abundance estimates from the SCAA assessments across stocks and simulations. The values in parentheses are the ranges of the
MREs and MAREs values. See Table 1.3 for a description of the Scenarios.

Group.

Scenario

Harvest MRE

Harvest MARE

Abundance MRE

Abundance MARE

All
Shared

Shared
Mix.

Shared
Prod.

Corr.

HP LM
HP IM
HP HM
MHP LM
MHP IM
MHP HM
MLP LM
MLP IM
MLP HM
LP LM
LP IM
LP HM
VP LM
VP IM
VP HM
HP VM
MHP VM
MLP VM
LP VM
VP NC
VP PC

0.0001 (-0.0360—0.0063)
-0.0004 (-0.0071-0.0067)
-0.0005 (-0.0079-0.0068)
-0.0005 (-0.0360-0.0051)
-0.0012 (-0.0100-0.0053)
-0.0013 (-0.0089-0.0062)
-0.0002 (-0.0069-0.0059)
-0.0004 (-0.0076-0.0065)
-0.0005 (-0.0068-0.0123)
0.0000 (-0.0063-0.0062)
-0.0001 (-0.0078-0.0063)
-0.0001 (-0.0070-0.0063)
-0.0002 (-0.0074-0.0058)
-0.0002 (-0.0065-0.0060)
-0.0002 (-0.0069-0.0067)
-0.0009 (-0.0342-0.0536)
-0.0011 (-0.0081-0.0073)
-0.0008 (-0.0071-0.0952)
-0.0001 (-0.0369-0.0068)
-0.0007 (-0.0367—0.0146)
-0.0006 (-0.0074-0.0563)

0.0279 (0.0209-0.0636)
0.0286 (0.0210-0.0385)
0.0286 (0.0212-0.0390)
0.0278 (0.0203-0.0657)
0.0286 (0.0194-0.0392)
0.0286 (0.0215-0.0398)
0.0278 (0.0200-0.0379)
0.0286 (0.0214-0.0571)
0.0287 (0.0210-0.0459)
0.0279 (0.0205-0.0380)
0.0289 (0.0212-0.0387)
0.0290 (0.0212-0.0421)
0.0280 (0.0201-0.0367)
0.0287 (0.0214-0.0401)
0.0289 (0.0210-0.0382)
0.0286 (0.0213-0.0819)
0.0286 (0.0201-0.0443)
0.0285 (0.0205-0.1271)
0.0285 (0.0214-0.0670)
0.0285 (0.0208-0.0663)
0.0286 (0.0209-0.0879)

-0.0005 (-0.1347-0.1273)
-0.0340 (-0.2016-0.1018)
-0.0550 (-0.1874-0.0743)
-0.0791 (-0.3050-0.1344)
-0.1537 (-0.3508-0.0919)
-0.1902 (-0.3224-0.0153)
-0.0106 (-0.3190-0.1893)
-0.0296 (-0.3458-0.2370)
-0.0467 (-0.3311-0.2857)
0.0151 (-0.1769-0.4471)
0.0217 (-0.1789-0.3273)
0.0232 (-0.2376-0.3684)
-0.0034 (-0.2958-0.2736)
-0.0076 (-0.2755-0.3230)
-0.0143 (-0.2521-0.2459)
-0.1190 (-0.3897-0.7883)
-0.1768 (-0.4117-0.7651)
-0.0625 (-0.4149-0.6202)
0.0056 (-0.3367-0.5842)
-0.0689 (-0.3914-0.9644)
-0.0294 (-0.4195-0.7538)

0.1353 (0.0748-0.2071)
0.1297 (0.0652-0.2239)
0.1287 (0.0725-0.2152)
0.1611 (0.0719-0.3101)
0.1883 (0.0884-0.3543)
0.2084 (0.0907-0.3224)
0.1473 (0.0778-0.3190)
0.1491 (0.0768-0.3458)
0.1494 (0.0702-0.3350)
0.1397 (0.0745-0.5197)
0.1434 (0.0758-0.3808)
0.1470 (0.0774-0.4187)
0.1440 (0.0767-0.3062)
0.1419 (0.0765-0.3598)
0.1437 (0.0754-0.2783)
0.2482 (0.0759-0.7883)
0.2901 (0.0790-0.7651)
0.2163 (0.0845-0.6506)
0.1480 (0.0757-0.5888)
0.2041 (0.0827-0.9644)
0.1792 (0.0778-0.7719)
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