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A multispecies statistical age-structured model to assess
predator–prey balance: application to an intensively managed
Lake Michigan pelagic fish community
Iyob Tsehaye, Michael L. Jones, James R. Bence, Travis O. Brenden, Charles P. Madenjian,
and David M. Warner

Abstract: Using a Bayesian modeling approach, we developed a multispecies statistical age-structured model to assess trade-offs
between predatory demands and prey productivities, with the aim to inform management of top predators. Focusing on the Lake
Michigan fish community, we assessed these trade-offs in terms of predation mortalities and productivities of alewife (Alosa
pseudoharengus) and rainbow smelt (Osmerus mordax) and functional responses of salmonines. Our predation mortality estimates
suggested that salmonine consumption has been a major driver of prey dynamics, with sharp declines in alewife abundance in
the 1960s–1980s and the 2000s coinciding with increased predation rates. Our functional response analysis indicated that
feedback mechanisms are unlikely to help maintain a predator–prey balance, with Chinook salmon (Oncorhynchus tshawytscha)
and lake trout (Salvelinus namaycush) consumption declining only at the lowest prey densities, while the other salmonines
consumed prey at a maximum rate across all observed prey densities. This study demonstrates that a multispecies modeling
approach combining stock assessment methods with explicit consideration of predator–prey interactions can provide a basis for
tactical decision-making from a broader ecosystem perspective.

Résumé : Nous avons employé une approche de modélisation bayésienne pour élaborer un modèle statistique multi-espèces
structuré par âge pour évaluer les compromis entre les demandes de prédation et la productivité des proies, afin d'éclairer la
gestion des prédateurs de niveau trophique supérieur. Dans le cadre de l'étude, axée sur la communauté de poissons du lac
Michigan, nous avons évalué ces compromis en termes de moralité par prédation et de productivité du gaspareau (Alosa
pseudoharengus) et de l'éperlan (Osmerus mordax), ainsi que des réactions fonctionnelles de salmoninés. Nos estimations de la
mortalité par prédation donnent à penser que la consommation des salmoninés a joué un rôle important dans la dynamique des
proies, de fortes baisses de l'abondance du gaspareau dans les années 1960–1980, puis dans les années 2000 coïncidant avec des
taux de prédation accrus. Notre analyse des réactions fonctionnelles indique qu'il est peu probable que des mécanismes de
rétroaction contribuent au maintien d'un équilibre prédateurs–proies, la consommation des saumons quinnats (Oncorhynchus
tshawytscha) et des touladis (Salvelinus namaycush) ne diminuant que quand les densités de proies sont à leur plus faible, alors que la
consommation des autres salmoninés était maximum pour toutes les densités de proies observées. L'étude démontre qu'une
approche de modélisation multi-espèces qui combine des méthodes d'évaluation des stocks à la prise en considération explicite
des interactions prédateurs–proies peut fournir la base d'une prise de décisions tactique dans une perspective écosystémique
large. [Traduit par la Rédaction]

Introduction
Fisheries management has relied heavily on single-species

stock assessment methods, wherein feedback interactions be-
tween target species and the rest of the ecosystem have been
effectively ignored (Link and Garrison 2002; Van Kirk et al. 2010).
Based on historical reconstruction of abundances-at-age of fish
stocks using observational data, these methods provide estimates
of key population and fishery parameters and associated uncer-
tainties, allowing tactical decision-making in fisheries manage-
ment (e.g., setting annual total allowable catches (TAC) and target
reference points) (Quinn and Deriso 1999; Plagányi et al. 2012).
However, owing to greater recognition of indirect effects of fish-
ing on nontarget species and effects of ecological interactions on
target species, there has been a growing interest in the applica-
tion of ecosystem modeling (e.g., Ecopath with Ecosim and Atlan-

tis) to inform fisheries management (Christensen et al. 1996;
Jennings and Kaiser 1998; NRC 1999). Because they place fisheries
in a broader ecological context, ecosystem-based approaches can
be used for a large-scale assessment of changes in response to
anthropogenic or environmental perturbations and thus have
been acknowledged as valuable tools for strategic evaluation
of management policies. However, ecosystem-based approaches
are not typically developed to fit models to data to assess stock-
specific population dynamics or to apply standard statistical
methods, such as Markov chain Monte Carlo sampling (MCMC),
to quantify parameter uncertainty (Jurado-Molina et al. 2005;
Plagányi et al. 2012), explicit consideration of which is considered
essential for effective fisheries management (Walters and Martell
2004; Jones and Bence 2009). In light of these limitations, ecosystem-
based approaches cannot be used in lieu of stock assessments to
inform tactical decision-making and may only be used to provide
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a context for assessments and criteria for selecting appropriate
management actions (Christensen and Pauly 2004).

One way to overcome the aforementioned limitations of ecosys-
tem models is to employ multispecies models of intermediate com-
plexity that incorporate the best features of single-species models
while accounting for broader ecosystem considerations in view of a
few well-defined objectives (Danielsson et al. 1997; Plagányi and
Butterworth 2012; Plagányi et al. 2012). Instead of addressing the full
range of biological, habitat, environmental, and fishery interactions
that constitute fully implemented ecosystem approaches, such mod-
els would focus on major ecological processes and components that
are needed to address the management objectives in question (ICES
2000; Christensen and Pauly 2004; Pikitch et al. 2004). Predator–prey
interactions are a major ecological process regulating the trophic
structure of many aquatic ecosystems (Carpenter et al. 1985;
Christensen 1996; Bax 1998), and manipulation of the abundance
of top predators, whether through exploitation or supplementa-
tion, can significantly alter the rest of the food web, especially
their primary prey species. Therefore, employing modeling ap-
proaches that combine stock assessment methods with explicit
consideration of predator–prey interactions would potentially al-
low for effective fisheries management from a broader ecosystem
perspective (Link and Garrison 2002).

Several attempts have been made to incorporate predator–prey
interactions into multispecies stock assessment models. Among
these attempts, multispecies virtual population analysis (MSVPA),
which is an extension of the single-species virtual population
analysis (VPA), has been cited as one of the most successful meth-
ods to account for predation mortality in fishery models (Tsou and
Collie 2001; Jurado-Molina et al. 2005). MSVPA was first developed
for the North Sea fish community, but has since been applied
elsewhere, including the Bering Sea (Livingston and Jurado-Molina
2000; Jurado-Molina et al. 2005) and the Georges Bank (Tsou and
Collie 2001). A major weakness of MSVPA is its lack of statistical
assumptions, which impedes the inclusion of observation and
process errors into parameter estimation. Building upon MSVPA
and its variants, recent studies have begun incorporating preda-
tion interactions into statistical catch-at-age (SCA) models, which
allow the application of statistical estimation procedures in a mul-
tispecies context. There is a growing number of examples of such
applications of multispecies SCA models to assess the effect of
predation on exploited populations, including models to assess
Pacific cod (Gadus macrocephalus) and northern fur seal (Callorhinus
ursinus), predation on walleye pollock (Gadus chalcogrammus) in the
Bering sea (Livingston and Methot 1998), Stellar sea lion (Eumetopias
jubatus) predation on pollock in the Gulf of Alaska (Hollowed et al.
2000), Pacific cod predation on walleye pollock in the eastern
Bering Sea (Jurado-Molina et al. 2005), and Pacific cod predation
on arrowtooth flounder (Atheresthes stomias) and walleye pollock in
the Gulf of Alaska (Van Kirk et al. 2010). Although these models
quantified the magnitude of predation on target species, they did
not account for feedback interactions between the consumptive
demands of predators and productivities of prey fishes, which are
important derivers of the dynamics of fish communities.

Using a Bayesian modeling approach, this study aimed to de-
velop a multispecies SCA model to assess trade-offs between pred-
ator consumptive demands and forage fish productivities and to
quantify associated uncertainties, focusing on a Lake Michigan
fishery, where predator abundance is manipulated through sup-
plemental stocking. In view of a presumed coupling between the
lake’s salmonine predators and major prey species, alewife (Alosa
pseudoharengus) and rainbow smelt (Osmerus mordax) (Madenjian
et al. 2002; Tsehaye et al. 2014), quantifying these trade-offs should
be a prerequisite for successful management of the Lake Michigan
salmonine fisheries from a broader ecosystem perspective. We
assessed these trade-offs for the Lake Michigan system by estimat-
ing parameters that govern the changes in abundance and pro-
ductivity of alewife and rainbow smelt and the corresponding

functional feeding responses of the hatchery-supported salmonines.
Ultimately, a quantitative understanding of such trade-offs would
allow fishery managers to explore how management of predator
populations might affect system dynamics.

Background on Lake Michigan
Owing to the combined effects of habitat degradation, overfishing,

eutrophication, and invasive species, the fish community of Lake
Michigan has changed considerably over the past century, with
many important native species greatly reduced or extirpated and
invasive species becoming more dominant (Mills et al. 1993;
Eshenroder and Burnham-Curtis 1999). Most importantly, abun-
dances of the once-dominant top predator, lake trout (Salvelinus
namaycush), were greatly reduced in the middle of the 20th century
owing to predation by sea lamprey (Petromyzon marinus) and overfish-
ing, leading to expansion of invasive alewife and rainbow smelt pop-
ulations to undesirable levels (Madenjian et al. 2002). To control
these invasive planktivores species and rehabilitate native species,
Lake Michigan has been intensively managed for several decades,
with millions of native (lake trout) and nonnative (Pacific) sal-
monines, including Chinook salmon (Oncorhynchus tshawytscha), lake
trout, steelhead trout (Oncorhynchus mykiss), brown trout (Salmo trutta),
and coho salmon (Oncorhynchus kisutch), stocked annually since 1965
(Claramunt et al. 2012). There is good evidence that these stocking
efforts have led to reduced alewife densities, allowing recovery of
several native species, including deepwater sculpin (Myoxocephalus
thompsoni), yellow perch (Perca flavescens), and burbot (Lota lota)
(Madenjian et al. 2002). Additionally, the introduction of salmonines
into the lake has offered the opportunity for the creation of new
recreational fisheries, bringing considerable economic benefits to
the region (Kotchen et al. 2006; Fenichel et al. 2010; Dettmers et al.
2012).

While the stocking of salmonines is believed to have led to the
reestablishment of several native species, predator and prey abun-
dances in Lake Michigan have fluctuated considerably since the ini-
tiation of the stocking program. Therefore, a pivotal question that
Lake Michigan managers must address annually is how many sal-
monines can be stocked to achieve a delicate balance between reha-
bilitating native fishes (mainly lake trout) by maintaining
invasive prey species (mainly alewife) at relatively low levels
and sustaining economically important recreational fisheries
by maintaining adequate prey fish for the nonnative predators
(i.e., Pacific salmonines) (Madenjian et al. 2002; Bunnell et al.
2006; Dettmers et al. 2012). Early in the stocking program, salmo-
nine abundance increased as stocking rates increased, suggesting
that the lake’s prey population could support even greater stock-
ing levels (Stewart et al. 1981). By contrast, declining alewife abun-
dance and Chinook salmon mass mortality events in the 1980s
suggested that salmonine abundance levels may have exceeded
prey fish productivity, which resulted in fishery managers reduc-
ing stocking rates in 1991 (Stewart and Ibarra 1991; Hansen and
Holey 2002; Benjamin and Bence 2003). Although both the salmo-
nine community and alewife population rebounded following
these reductions in stocking rates, predator and prey abundances
continued to fluctuate (Madenjian et al. 2002; Claramunt et al.
2012). Even with additional reductions in stocking rates in 1998
and 2005 (Jones and Bence 2009; Claramunt et al. 2012), alewife
abundance has remained low. Thus, concerns about the risk of
overstocking remained.

The hatchery-supported Lake Michigan fish community provides a
unique opportunity to consider the importance of predator–
prey interactions for fisheries and ecosystem management.
Indeed, there have been several attempts to examine the balance
between the predator and prey communities of Lake Michigan.
Early studies were based on comparisons of estimates of preda-
tory consumption from bioenergetics models and estimates of
lake-wide prey biomass from fall trawl surveys (Stewart et al. 1981;
Stewart and Ibarra 1991). However, these studies neither assessed
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prey population dynamics in light of salmonine predation nor
dynamically linked predator consumption with prey abundance.
Jones et al. (1993) recognized the need for a dynamic model of prey
fish and salmonine populations to assess the effects of changes in
stocking levels on the dynamics of the prey fish community. Sub-
sequently, Koonce and Jones (1994) developed a multispecies dy-
namic model for Lake Michigan that incorporated dynamic links
between predator and prey population through a functional feed-
ing response model, but did not attempt to estimate functional
response parameters from empirical data. Following the methods
of Koonce and Jones (1994), Szalai (2003) assessed the dynamics of
alewife and bloater (Coregonus hoyi) populations in Lake Michigan
by fitting a multispecies age-structured model using relative abun-
dance data for prey fish (from bottom trawl and hydroacoustic
surveys) and estimates of salmonine consumption (from bioener-
getics models), which allowed estimation of mortality rates stem-
ming from predation.

While earlier studies have led to a better understanding of predator–
prey interactions in Lake Michigan, several recent changes in the
fish community and ecosystem necessitate a reexamination of
predator–prey interactions in the lake. First, adult alewife abun-
dances have been at very low levels since the mid-2000s (Warner
et al. 2011). Second, although the salmonine community continues
to be mainly dependent on hatchery-reared fish, a large propor-
tion of the Chinook salmon population in Lake Michigan is now
derived from natural reproduction (Williams 2012), which could
have important implications for stocking decisions. Third, Szalai
(2003) assessed the dynamics of bloater along with alewife be-
cause age-composition data were available only for these prey
species at that time. However, rainbow smelt may be the second
most important prey of salmonines, especially for medium-sized
lake trout (Madenjian et al. 2002), but predator–prey interactions
involving rainbow smelt remain largely unquantified for Lake
Michigan. In light of the aforementioned changes, new informa-
tion available, and past unmet needs, an updated and more rigor-
ous analysis of the predator–prey interactions in Lake Michigan
could be useful for informing future stocking decisions.

Materials and methods

Multispecies SCA model
Our multispecies assessment model was built using an SCA frame-

work (Fournier and Archibald 1982; Deriso et al. 1985; Walters and
Martell 2004), in which salmonine consumption was included as a
source of mortality for prey fishes. The model incorporated a pop-
ulation submodel, which projected abundances-at-age of alewife and
rainbow smelt based on estimates of recruitment, natural mortality,
and salmonine predation, and an observation submodel, which pre-
dicted observable quantities (trawl and hydroacoustic prey abun-
dance indices, salmonine consumption, etc.) from the projected
abundances. The model projected prey abundances and salmonine
consumption over the time period 1962–2008 for ages 0–6 for alewife
and ages 0–5 for rainbow smelt, with the last age class being an
aggregate of all fish age 6 and older for alewife and age 5 and older for
rainbow smelt. Three additional species, bloater, slimy sculpin (Cot-
tus cognatus), and deepwater sculpin, were included as alternative
prey for predators, but were not modeled dynamically. Rather, their
abundances were treated as known quantities based on trawl survey
estimates (Table A1). Although trawl abundance estimates for these
species may be biased, salmonine consumption estimates suggest
that these species play a minor role as diet for major Lake Michigan
predators. Abundances-at-age of predators (Chinook salmon, lake
trout, coho salmon, brown trout, and steelhead trout) over time were
assumed to be known and were obtained from single-species assess-
ment models for Lake Michigan (Tsehaye et al. 2014). In our multi-
species assessment model, mortalities of alewife and rainbow smelt
caused by these predators were determined by the input predator
abundances (and associated demographic information), prey abun-

dances, and functional responses (relating per-predator consump-
tion to prey abundance). Thus, our assessment model provides an
assessment of the dynamics of two key prey species (alewife and
rainbow smelt) and the linkages among these species, other prey
fishes, and predators mediated by the predators’ functional re-
sponses. The multispecies assessment model estimates annual re-
cruitments of alewife and rainbow smelt as parameters. Stock–
recruitment functions were then derived for both species based on
the estimated recruitments and adult abundances in a separate step
after the assessment model was fit. Individual model components
are described in the sections “Population submodel” and “Observa-
tion submodel” below, and definitions of parameters and variables
used in the population and observation submodels are presented in
Table 1.

Input data
Several types of data were used as model input in our integrated

analysis (Maunder 2003), including relative abundance of alewife,
rainbow smelt, and alternative prey fishes (Table A1), size-at-age of
prey fishes, and abundance, size-at-age, and consumption of pred-
atory fishes. Relative abundance data on prey fishes were obtained
from fall bottom trawl (1962–2008) and hydroacoustic surveys

Table 1. List of parameters and variables used in the assessment
model.

Symbol Description

Index variables
y Year
m Month
i Prey species
j Predator species
a Prey age
a= Predator age
k Age category

Parameters and derived quantities
N Abundance at the beginning of the year
N Mean abundance during a time interval
M Instantaneous natural mortality rate (year−1)
P Instantaneous total predation mortality rate
Z Total instantaneous mortality rate (year−1)
C Annual consumption
A Annual consumption rate per predator
� Instantaneous attack rate of predator
h Handling time of predator
Ĉ Predicted consumption (kg) of prey by predator
Mass Mass (kg) of predator or prey fish
Cmax Per-predator maximum consumption
G Predator instantaneous growth rate
� Length-based scalar for a predator’s effective search area
l Length of predator (cm) at the beginning of the month
F Size preference of predator for prey
HO Habitat overlap of predator and prey
T Observed trawl survey index
T̂ Predicted trawl survey index
H Observed hydroacoustic survey index
Ĥ Predicted hydroacoustic survey index
q Catchability coefficient for trawl survey
Q Catchability coefficient for hydroacoustic survey
B Biomass at time of hydroacoustic survey
effn Effective sample size
p Observed proportion of consumption
p̂ Predicted proportion of consumption
� Standard deviation
S Spawning stock
R Recruitment
� Recruits per spawner at low stock size
� Degree of compensation
� Error term
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(1992–1996; 2001–2008) conducted by the US Geological Survey
Great Lakes Science Center (USGS-GLSC). Since 1962, USGS-GLSC
has sampled the prey fish community in Lake Michigan each fall
using bottom trawls at fixed locations. Between 1962 and 1966,
sampling was conducted along a single transect off Saugatuck,
Michigan. Starting in 1967, sampling was expanded to four tran-
sects. Since 1973, sampling has been conducted lake-wide (Hatch
et al. 1981; Krause 1999). Fish caught in bottom trawls were sorted
by species, counted, and weighed in aggregate. When total catch
exceeded 20 kg, a random sample of roughly 10–15 kg was sorted
by species, counted, and weighed; the remainder of the catch was
assumed to have the same species composition and mass to count
ratio. A subsample of alewife and rainbow smelt were aged using
scales (1984–2002) and otoliths (2002–2008). Thus, trawl surveys
provided information on age-specific relative abundance and bio-
mass of alewife and rainbow smelt, along with overall abundance
and biomass of bloater, slimy sculpin, and deepwater sculpin.
Age-1 and age-2 alewives are not closely associated with the bot-
tom, and thus catches for these age classes in trawl surveys are not
considered to accurately reflect abundances levels. As a result, we
only utilized relative indices of abundance of age-0 and age-3 and
older alewife for model fitting. From 1992 to 1996 and 2001 to
2008, the Lake Michigan prey fish community was also assessed by
the USGS-GLSC using fall hydroacoustic surveys. In these surveys,
both alewife and rainbow smelt biomass estimates were divided
into two age classes (age 0 and age 1 and older). For a description of
the Lake Michigan hydroacoustic survey program and associated
analyses, see Warner et al. (2011).

Mass (Table A2) and length-at-age of prey fish were included as
input data for the estimation of functional response parameters.
For alewife, mass-at-age data were obtained by dividing age-specific bio-
masses by abundances from the fall bottom trawl survey data. For
rainbow smelt, we used mass-at-age data from Lantry and Stewart
(1993), adjusted based on the biomass to abundance ratio of age-0
and age-1 and older fish from the trawl surveys. For all other prey
species, mean masses were calculated by dividing total biomasses
by total abundances obtained from the trawl surveys. For all spe-
cies, length-at-age data were generated based on mass-at-age data
using length–mass relationships provided in Szalai (2003).

Estimates of age-specific abundance at the beginning of the year
for lake trout, Chinook salmon, coho salmon, brown trout, and
steelhead trout were obtained from predator assessment models
(Tsehaye et al. 2014; Table A3). Estimates of natural and fishing
mortality and maturity schedules from the predator assessment
models were also used as model inputs (Tables A4 and A5). Annual
predator consumption estimates by prey type, categorized as
small (age 1 and younger) alewife, large (age 2 and older) alewife,
and all other prey fishes (a combination of rainbow smelt, bloater,
deepwater sculpin, and slimy sculpin) were also drawn from these
predator assessment models and treated as observed data for the
assessment model. These time series of consumption estimates
were obtained based on age-specific abundance estimates, mortal-
ity rates, and growth data using a production–conversion effi-
ciency method in Ney (1990), which was also described in Tsehaye
et al. (2014). Predator mass-at-age data were derived from biologi-
cal samples collected from recreational fishers as part of a creel
survey program conducted by the Michigan Department of Natu-
ral Resources (MDNR) (Tables A6 and A7). Chinook salmon and
lake trout mass-at-age varied over time, whereas the other preda-
tors were assumed to have constant mass-at-age in all years based
on available mass-at-age data.

Population submodel
The population submodel projected alewife and rainbow smelt

abundances forward over time for each cohort using an exponential
population model, with total mortality for each species assumed to
consist of a background natural mortality component and a preda-
tion mortality component. We chose to use a monthly time step,

rather than annual, to account for monthly variations in predation
mortality and to obtain more accurate analytic approximations for
predation mortalities (see below for explanation).

(1) Ni,a,y,m�1 � Ni,a,y,me	(Mi,a,y,m�Pi,a,y,m)

Age-0 abundances (recruitments) were estimated as model pa-
rameters, and abundances of older age classes at the beginning of
the year were calculated as

(2) Ni,a�1,y�1,1 � Ni,a,y,12

for all but the last age class and as

(3) Ni,a,y�1,1 � Ni,a,y,12 � Ni,a	1,y,12

for the last age group.
Background natural mortality rates were assumed to be known for

both species and were obtained using Pauly’s (1980) equation. Natu-
ral mortality was also assumed to remain constant over time for all
ages, but an additional source of natural mortality was applied to
age-1 and older alewife in 1967 to account for a large die-off of alewife
that occurred that year. The magnitude of this secondary natural
mortality component was estimated as a model parameter.

Total predation mortality-at-age of each prey species was calcu-
lated based on per-predator consumption rates and predator and
prey abundances-at-age.

(4) Pi,a,y,m � �
j

�
a′

Ai,a,j,a′,y,m Nj,a′,y,m

Ni,a,y,m

For these calculations, monthly predator abundances were gener-
ated for each of the salmonine species based on the input data on
annual abundance and mortality rates from the predator assessment
models. Monthly predator numbers were calculated by accounting
for monthly natural mortality (M/12) and fishing mortality (based on
monthly proportions of fishing) and a pulse of spawning mortality
(applicable for all salmonines except lake trout). To be exact, the
calculation of predation mortality (eq. 4) should be based on mean
prey and predator abundance over a given time step rather than
abundance at the beginning of the time step. However, because the
calculation of mean prey abundance based on abundance at the
beginning of the time step requires an estimate of predation mortal-
ity, i.e.,

N �
N

M � P
�1 	 e	(M�P)�

eq. 4 is transcendental and can only be solved iteratively (e.g.,
Szalai 2003; Jurado-Molina et al. 2005). Nevertheless, because we
used a monthly time step, changes in abundance between time
steps was expected to be modest; thus, N could be approximated
by N, which allowed predation mortality to be estimated analyti-
cally (e.g., Van Kirk et al. 2010).

For Chinook salmon and lake trout, per-predator consumption
was calculated using a type II multispecies functional response,
which allows mortality rates to respond to changes in predator
and prey abundances:

(5) Ai,a,j,a′,y,m �
�i,a,j,a′,y,m Ni,a,y,m

1 � �
i�1

5

�i,a,j,a′y,m hi,a,j,a′ Ni,a,y,m
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Type II functional responses account for satiation effects and
have been judged more to be appropriate for actively searching
fish (Hollowed et al. 2000; Moustahfid et al. 2010). Handling time (h) was
calculated as the ratio of prey mass to maximum consumption per
predator, which was calculated as a function of gross conversion
efficiency and mass increment (Tables A6–A8). For brown trout,
coho salmon, and steelhead trout, we initially estimated preda-
tion mortality assuming that consumption rates also followed a
type II multispecies functional response. However, our results
indicated that brown trout, coho salmon, and steelhead trout
consumed at a constant rate, given that they had fairly constant
mass-at-age over the modeled time period. Consequently, con-
sumption per predator for these species was calculated assuming
that these fishes were feeding at a constant (maximum) rate over
the years:

(6) Ai,a,j,a′,y,m �
Cmax j ′,a′�i,a,j,a′,y,mNi,a,y,m

Massi,a,m�
i�1

5

�i,a,j,a′,y,m Ni,y,m

The instantaneous attack rate for each predator type and age class
on each prey type and age class was a function of predator search
efficiency, size preference of prey, habitat overlap with prey, and
predator length at the beginning of the month (Jones et al. 1993):

(7) �i,a,j,a′,y,m � �jlj,a′,y,m Fi,a,j,a′,y,m HOi,j

Predator lengths at the beginning of the month were obtained
based on masses at the beginning of the month, which were de-
rived from masses at the beginning of the year using estimates of
instantaneous growth rate:

(8) Gj,a,y � ln�Massj,a�1,y

Massj,a,y
�

As in Jones et al. (1993), the size preference of a predator depended
on its length relative to that of its prey and was modeled as a
bell-shaped function with peak preference of 1 at a prey to preda-
tor length ratio of 0.25.

(9) Fi,a,j,a′,y,m � e
�	(ℓi,a,j,a′,y	0.25)2

0.01
�

Habitat overlap between a prey and a predator, which ranged
from zero to one, were set equal to the values used in Koonce and
Jones (1994). The effective search efficiencies, which determine
how fast consumption rates increase at low prey abundances,
were estimated as model parameters.

Observation submodel
The observation submodel predicted trawl and hydroacoustic

indices of abundance for alewife and rainbow smelt based on
abundances-at-age at the beginning of the tenth month of the
calendar year, when the annual trawl and hydroacoustic surveys
are generally conducted. The model predicted trawl relative abun-
dance for age-0 and age-3 and older alewife and age-0 and age-1
and older rainbow smelt:

(10) T̂i,k,y � qkNi,k,y,10

The model also predicted hydroacoustic biomass for age-0 and
age-1 and older alewife and rainbow smelt:

(11) Ĥi,k,y � Q kBi,k,y,10

Catchability coefficients were estimated as model parameters for
each of the hydroacoustic and trawl surveys. As measures of rela-
tive abundance, the trawl and hydroacoustic indices provided in-
formation on trends in prey abundances, but not direct information
on absolute prey abundance. Therefore, the model’s estimates of
absolute abundance were informed by the input data on annual
consumption by predators, such that estimated prey numbers are
large enough to support annual consumption rates.

The observation submodel predicted consumption in mass of
each prey species by each predator species to match the input data
on consumption using Baranov’s catch equation based on esti-
mated predation mortality rates.

(12) Ĉi,j,y,m �
Pi,j,y,m

Zi,y,m
Ni,y,m (1 	 e	Zi,y,m)Massi,m

Finally, the predicted consumption of each prey species by each
predator species was used to calculate the proportion of consumption
by prey and predator type.

Model fitting
Our multispecies SCA model was developed using AD Model

Builder (Fournier et al. 2012). We adopted a Bayesian approach to
model fitting, whereby parameter point estimates were obtained
by minimizing the negative log-posterior probability of the esti-
mates. This approach to estimation is also known as highest pos-
terior density estimation, or penalized likelihood (Schnute 1994).
Uniform priors (on the loge scale) were specified for each param-
eter so that parameter estimates were mainly influenced by ob-
served data. The objective function used in the optimization of
model fits consisted of seven log-likelihood components (Table 2),
one corresponding to each of the data sources. Each of the likeli-
hood functions was selected based on the assumed error structure
for the corresponding observed data. The errors associated with
trawl and hydroacoustic abundance indices were assumed to have
a log-normal distribution. The errors associated with the propor-
tion of consumption by predator type and the proportion of
consumption by prey type were assumed to follow a Dirichlet
distribution. The effective sample size for the Dirichlet distribu-
tion for both the proportion of consumption by predator and the
proportion of consumption by prey type was set at the same
value (54) as in Szalai (2003), which was obtained based on
McAllister and Ianelli’s (1997) iterative method to find the appro-
priate effective sample size.

The fitted assessment model was considered to have converged
on the highest posterior density of parameter estimates when the
gradient of the objective function was less than 1.0 × 10–4 with
respect to each parameter. In total, 112 parameters were estimated
as part of the model-fitting process, including annual recruitment
for alewife and rainbow smelt, the effective search efficiencies for
the different predators, catchability coefficients for the trawl and
hydroacoustic surveys, and the standard dispersions for all data
sources with a log-normal distribution. To assess uncertainty in
parameter estimates, posterior probability distributions of parameters
were obtained using MCMC sampling. The Metropolis–Hastings
algorithm within AD Model Builder (Fournier et al. 2012) was used
to obtain MCMC samples from the joint posterior distribution of
parameter estimates and derived quantities. The MCMC chain was
run for 1.1 million samples, saving every hundredth sample, to
produce a total saved sample size of 10 000 after 1000 samples
were discarded as burn-in. For each parameter, MCMC chains
were evaluated for adequacy (convergence and sufficient informa-
tion) using (i) trace plots for each estimated parameter and de-
rived variable as a visual check to ensure that the chain was well-
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mixed and did not show “stickiness”, (ii) the effective sample size
of the saved MCMC chains, and (iii) the similarity between the first
10% and last 50% of the saved chains was tested using a standard
Z score test (Geweke 1992). All MCMC chain diagnostics were con-
ducted in R (R Development Core Team 2010) using the CODA
package (Plummer et al. 2010).

Stock–recruitment relationships for alewife and
rainbow smelt

We estimated stock–recruitment relationships for alewife and
rainbow smelt in a separate step outside the SCA model using the
time series of abundances-at-age estimated by the SCA model.
Point estimates of stock–recruitment parameters were obtained by
fitting a stock–recruitment model to a time series of abundances-at-
age derived from the highest posterior density model fit. Stock size
was defined as the abundance of age-2 and older fish for alewife and
age-1 and older fish for rainbow smelt, and recruitment was defined
as the abundance of age-0 fish for both species. For each species, we
fit a linearized form of the Ricker stock–recruitment function:

(13) loge(Ry/Sy) � loge(�) 	 �Sy � �y

where �y	N
0,�r
2�.

Just as with the assessment model, the stock–recruitment
model was fit for each species by minimizing the negative log-
posterior density of parameter estimates using AD Model Builder.
Uniform priors (on the loge scale) were used for each parameter
(loge(�), loge(�), loge(�r)) so that the resulting posterior distribu-
tions would mainly be influenced by observed data. A log-normal
likelihood function was used in model fitting based on the as-
sumed distribution of observation error for R/S (Table 2).

Determination of uncertainty in the stock–recruitment rela-
tionships for alewife and rainbow smelt followed a three-stage
approach described in Haeseker et al. (2003) and Szalai (2003),
which was based on a method developed for sampling from the
joint posterior probability distribution for hierarchical models
(Gelman et al. 2004). In the first stage, the MCMC procedure de-
scribed above was used to obtain 10 000 time series of recruit and
spawning stock abundances for each species. In the second stage,
a linearized Ricker stock–recruitment function was fit to each of
these plausible time series of recruitment and stock abundances
using the same methods described above for obtaining point esti-
mates. For each time series, this yielded highest posterior density
estimates of the parameters of the stock–recruitment function
(loge(�), loge(�), loge(�r)) as well as the variance–covariance matrix

for loge(�) and loge(�). While these were the most plausible stock–
recruitment parameters for each time series, they did not capture
all the uncertainty, because other stock–recruitment parameters
could also have produced each time series. The third stage was
intended to capture this additional uncertainty, in which a single
random sample of stock–recruitment relationship parameters
was drawn for each time series based on the stage 2 results. For
loge(�) and loge(�), the sample was drawn from a bivariate normal
distribution, with the vector of means and variance–covariance
matrix obtained in stage 2. For �r

2, a scaled inverse 
2 distribution
was used with a scale parameter equal to the highest posterior
density estimate of �r

2 and degrees of freedom equal to two less
than the number of years of stock–recruitment observations.
The end result of this three-stage process was one set of stock–
recruitment parameters for each MCMC sample. Finally, MCMC
chain diagnostics were performed for the stock–recruitment pa-
rameters using the same approaches previously described.

Results

Model fits
The assessment model successfully converged on a solution,

with the maximum gradient of the objective function less than
1.0 × 10–4. Based on all criteria used to evaluate convergence, the
MCMC chain for each of the parameter estimates was also judged
to have converged to the underlying posterior probability distri-
butions and to contain enough information to characterize uncer-
tainty in parameter estimates. Trace plots showed no “stickiness”,
effective sample sizes were similar to actual number of saved
MCMC samples, and the means of the first 10% and last 50% of the
saved samples were similar, with Geweke’s (1992) Z score values of
the differences between the means of the first 10% and last 50%
having absolute values less than two for almost all parameters
(Table 3).

Predicted values generally matched observed data quite well for
age-3 and older alewife trawl abundance indices, with the mean
absolute percent error between observed and predicted values
being approximately 3.2% (Fig. 1). However, predicted age-3 and
older alewife abundance indices were consistently above the ob-
served for the most recent years. Model fits to observed age-0
alewife relative abundances were worse than those for age-3 and
older, and the mean absolute percent error between observed and
predicted values was approximately 8.3%. By contrast, model fits
closely matched rainbow smelt trawl abundance indices for both
age groups, with a mean absolute percent error between observed

Table 2. Negative log-likelihood functions used in model fitting.

Component Equation Distribution

Assessment model
Trawl survey

L � �
y
�

k
�ln
�T� �

�ln
T̂i,k,y�	ln
Ti,k,y��
2

2�T,k
2  Log-normal

Hydroacoustic
L � �

y
�

k
�ln
�H� �

�ln
Ĥi,k,y�	ln
Hi,k,y��
2

2�H,k
2  Log-normal

Total consumption
L � �

y
�ln
�C� �

�ln
Ĉy�	ln
Cy��
2

2�C
2  Log-normal

Proportion of consumption by predator type L � 	�
y

�ln �
effn� 	 �
j�1

3

ln �
effn × p̂j,y� � �
j�1

3


effn × p̂j,y 	 1� ln pj,y�
Dirichlet

Proportion of consumption by prey type L � 	�
y

�ln �
effn� 	 �
i�1

3

ln �
effn × p̂i,y� � �
i�1

3


effn × p̂i,y 	 1� ln pi,y�
Dirichlet

Stock–recruitment relationships
L � �

y
�ln
�r� �

�ln
Ry/Sy�	ln
R̂y/Ŝy��
2

2�r
2  Log-normal
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and predicted values of approximately 3.5%. However, the model
slightly underestimated the relative abundance of age-1 and older
rainbow smelt during the 1980s and overestimated their relative
abundance during the late 1990s and 2000s. Even though the hy-
droacoustic surveys sampled a larger proportion of the population
than the trawl surveys (as indicated by the respective catchability esti-
mates), model fits for the hydroacoustic survey were in general
worse than those for the trawl survey (Fig. 2), with the mean
absolute percent error between observed and predicted values
being greater than 60%. This indicates that the trawl estimates
represented prey abundance more precisely in light of all the
other data sets informing the integrated analysis (Maunder 2003).
While the predicted hydroacoustic indices of abundance matched
observed data quite well for the years 2001–2008, model predicted
values did not fit observed data very well for earlier years. For both
age-1 and older alewife and rainbow smelt, predicted values did
not reflect the sharp increases observed in the hydroacoustic sur-
vey from 1992–1996.

Model predictions of total consumption fit input data well
(Fig. 3), with the mean absolute percent error between observed
and predicted values being �7.1%. Model predictions of propor-
tion of consumption by the different salmonines also closely fit
observed data, with a mean absolute percent error between ob-

served and predicted values of �7.5%. Both observed and pre-
dicted values indicated that the proportion of consumption by
Chinook salmon increased during the 1960s and 1970s, account-
ing for more than half the total consumption of all modeled pred-
ators thereafter, during which time the total consumption by the
other salmonines remained almost constant (Fig. 3a). In contrast
to total consumption, the model had difficulty matching the pro-
portion of total consumption by prey type, with the mean abso-
lute percent error between observed and predicted values being
�30%. In particular, predicted proportions of large alewife were
slightly higher than observed values in later years, while pre-
dicted proportions of small alewife were lower than observed
values.

Parameter estimates and uncertainty
Estimates of catchability coefficient were higher for the

hydroacoustic survey than for the trawl survey, but they varied
among age classes for both species. The steepness of the func-
tional response at low prey densities was higher for lake trout
than for Chinook salmon (Table 3; Fig. 4a). Because the other
salmonine species showed no detectable variation in growth as-
sociated with changes in prey abundance, their functional re-
sponse could be represented by a horizontal line (Fig. 4a). While

Table 3. Highest posterior density estimates (HPD) and lower and upper 95% Bayesian credible limits of catchability,
survival during the 1967 die-off (S67), functional response and stock–recruitment parameters, and coefficients of
variation (CV) and Geweke’s (1992) Z score of the posterior probability distributions of these parameters.

Parameter Species Age HPD Lower 95% limit Upper 95% limit CV (%) Z score

q Alewife 0 0.13 0.07 0.19 24.70 0.59
3+ 0.29 0.15 0.37 22.16 0.16

Rainbow smelt 0 0.09 0.06 0.17 23.93 −1.61
1+ 0.08 0.05 0.11 20.31 −0.24

Q Alewife 0 0.68 0.32 1.58 29.14 −0.24
1+ 0.24 0.08 0.40 28.30 −0.75

Rainbow smelt 0 0.42 0.16 1.10 52.42 −1.04
1+ 0.54 0.16 0.97 42.47 −1.95

S67 1+ 0.26 0.14 0.43 34.20 0.03
� Chinook salmon 1.73×10−6 1.43×10−6 2.03×10−6 11.03 0.53

Lake trout 2.13×10−6 1.23×10−6 3.63×10−6 29.54 −1.57
�T Alewife 2.59 2.14 3.12 7.53 −1.24

Rainbow smelt 1.12 0.87 1.36 11.34 −1.95
�H Alewife 0.80 0.60 1.44 23.02 −0.25

Rainbow smelt 1.11 0.87 1.81 18.79 −1.78
�C 0.53 0.44 0.66 14.61 0.36
ln(�) Alewife 1.27 0.80 1.66 22.11 0.29

Rainbow smelt 1.54 0.30 2.61 48.30 2.70
� Alewife 8.23×10−11 3.43×10−11 10.13×10−11 36.10 −0.02

Rainbow smelt 1.85×10−10 0.95×10−10 3.80×10−10 37.02 −0.01
�r Alewife 0.71 0.48 1.08 28.26 −2.06

Rainbow smelt 1.12 0.74 1.60 19.56 2.20

Fig. 1. Observed (symbols) and predicted (lines) fall bottom trawl survey indices for age-0 and age-3+ alewife and age-0 and age-1+ rainbow smelt.
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the same was the case with lake trout growth in the earlier years,
which were included in the study by Szalai (2003), growth changes
in later years of data (2000–2008) allowed us to estimate the search
efficiency for this species. The Ricker model fit to time series of model-
predicted prey numbers at age showed a stronger stock–recruitment
relationship for alewife than for rainbow smelt, with similar pro-
duction of recruits per spawner at low stock size (�) for both
species, but a lower degree of compensatory density depen-
dence (�) for alewife than for rainbow smelt (Table 3; Fig. 4b). Our
comparisons of model-predicted changes in Chinook salmon and
lake trout consumption and alewife recruitment in relation to
prey abundance indicate that these predators appear to become
food limited at about the same point where recruitment starts to
decline with decreases in stock size (Figs. 4a and 4b).

The 95% Bayesian credible intervals of parameter estimates gen-
erally had narrow ranges, and the associated coefficients of vari-
ation (CV) indicate that most parameters were estimated with a
low degree of uncertainty (Table 3), although there were some
exceptions. Uncertainties in estimates of catchability coefficients
were greater for rainbow smelt (CV range: 20%–52%) than for ale-
wife (CV range: 22%–29%) depending on age and type of survey. For
the length-based scalar of the effective search efficiency, uncer-
tainty was greater for lake trout (CV = 30%) than for Chinook
salmon (CV = 11%). The survival of age-1 and older alewife during
the 1967 die-off was estimated with a CV of 34%.

The posterior probability distributions of the stock–recruitment
parameters generally suggested a higher degree of uncertainty
for rainbow smelt than for alewife, particularly about the pro-
duction of recruits per spawner at low stock size (Table 3). For
alewife, the CV of loge(�) and � was relatively low (22% and 29%,
respectively), while the CV of � was larger (36%). Although there
was fairly high uncertainty in the parameters of the stock–
recruitment relationships of both species, the relatively low
level of � (0.71) for alewife indicates a relatively stronger stock–
recruitment relationship for alewife than for rainbow smelt,
for which � = 1.12. Besides allowing us to estimate the search

efficiency for lake trout, the additional data from 2000–2008
resulted in less uncertainty in parameter estimates than in
Szalai (2003), where the effective search efficiency for Chinook
salmon and loge(�) and � for alewife were estimated with
higher CVs of 17%, 24%, and 65.4% versus CVs of 11%, 22%, and
36%, respectively, in this study.

Changes in prey abundance, predation mortality, and
salmonine consumption

While observed data indicated a steep decline in alewife recruit-
ment since the late 1990s (Fig. 1a), the decline in model-predicted
recruitment was less clear, although there were several instances
of lower recruitment levels in recent years (Fig. 5a). For the years
prior to 1990, neither model estimates nor observed data indi-
cated a clear temporal pattern in alewife recruitment (Fig. 5).
Compared with alewife, rainbow smelt showed more variable re-
cruitment, but, just as with alewife, occurrences of lower rainbow
smelt recruitment were more frequent in recent years. In contrast
to the variations in recruitment, model estimates as well as ob-
served data indicated a clear decline in age-3 and older alewife
abundances during the 1970s and early 1980s (Fig. 5a). This was
followed by an increase in abundance of age-3 and older alewife
during the late 1980s and 1990s, with a peak abundance in 2001
resulting from a strong year-class in 1998. Since the early 2000s,
there has been a consistent decline in abundance of age-3 and
older alewife. By contrast, estimates of age-1 and older rainbow
smelt abundance showed no clear temporal patterns, although
there was a slight decline in the most recent years (Fig. 5a).

Predation rates on alewife and rainbow smelt followed broadly
similar temporal patterns, but the changes in predation mortality
were larger for alewife (Fig. 5a). Predation mortality estimates for
age-1 and older fish steadily increased until the mid-1980s for both
species, followed by a decline in the late 1980s. Predation mortality
rates for these age classes remained relatively constant throughout
much of the 1990s, with a slight decline in the late 1990s prior to a

Fig. 2. Observed (symbols) and predicted (lines) fall hydroacoustic abundance estimates of age-0 and age-1+ alewife and age-0 and age-1+
rainbow smelt.
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rapid increase that began in the early 2000s. In contrast, age-0 pre-
dation mortality rates exhibited considerable interannual variability
for both alewife and rainbow smelt, with no clear increasing or de-
creasing trend. Predation mortality of age-1 and older alewife fol-
lowed opposite trends to age-3 and older alewife abundance, but
there was no clear relationship between age-0 predation mortality
and their abundance (Fig. 5a). There was a slight negative relation-

ship between age-1 and older rainbow smelt predation mortality and
abundance, but generally there was no clear inverse relationship
between trends in predation mortality and abundance of age-1 and
older rainbow smelt. From these results, predation by salmonines
had a strong negative effect on age-1 and older alewife abundance in
Lake Michigan, whereas the predation effect on age-1 and older rain-
bow smelt was relatively weak.

Fig. 3. “Observed” (symbols) and predicted (lines) (a) total consumption; (b) proportion of consumption by Chinook salmon, lake trout, and
coho salmon, brown trout, steelhead trout combined; and (c) proportion of large alewife, small alewife, and rainbow smelt and other prey in
total salmonine consumption.
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Consumption per predator of Chinook salmon followed similar
temporal patterns to those for age-3 and older alewife abundance,
showing a decline until the mid-1980s and an increase in the
1990s, followed by a steady decline in the most recent years
(Fig. 5b). Consumption per predator of lake trout showed little
annual variation. These results are consistent with our predator–
prey habitat overlap data, which suggest heavier reliance of Chi-
nook salmon on alewife and more diverse prey for the other
salmonines. These are also reflected in the differences in estimated
functional responses between the two species, with lake trout func-
tional response suggesting a near-maximum per-predator consump-
tion unless alewife abundance was very low (Fig. 4a). Total prey
consumption by all salmonines increased as salmonine abun-
dance increased from the mid-1960s until 1985 (Fig. 3). From 1985
to 1995, both predicted and observed prey consumption declined
(Fig. 3) in concert with the declines in consumption per predator
of Chinook salmon. In line with the functional response esti-
mates, this decline was modest compared with the decline in
alewife abundance. Just as in the 1980s, total consumption in
recent years remained relatively high, although alewife abun-
dance was low.

Discussion
Using a Bayesian modeling approach, we developed a multispecies

SCA model to assess trade-offs between consumptive demands of
predatory species and productivity of forage fishes, focusing on the
Lake Michigan pelagic fish community, where the effect of top pred-
ators on prey species is an important management consideration.
Based on historical reconstruction of changes in prey abundance and
predator consumption, we estimated several parameters governing
these trade-offs, including the steepness of salmonine functional re-
sponses, prey mortalities caused by salmonine predation, as medi-
ated by functional responses, and parameters of Ricker stock–
recruitment relationships for prey fish. These parameters and their
posterior probability distributions can subsequently be used as in-
puts toward formal development of a decision model to compare the
performance of alternative predator management policies in terms

of both their direct effect on predator abundance and their indirect
effect on prey fishes. As such, our multispecies modeling approach
provides the basis for both tactical decision-making and strategic
evaluation of management policies (Plagányi et al. 2012). The lack of
long time series of observational data on predator and prey popula-
tions has been one of the main obstacles for the development of such
multispecies assessment models elsewhere, where attempts at esti-
mating parameters governing prey–predator interactions have gen-
erally been limited and uncertainties associated with estimated
parameters mostly remained unquantified (Eby et al. 1995; Cox et al.
2002). In this study, the availability of historical data from both cur-
rent predator stock assessments (Tsehaye et al. 2014) and prey fish
trawl and hydroacoustic surveys allowed us to develop a multispe-
cies SCA model that explicitly included predator–prey feedbacks.

In estimating predation mortalities and productivities of prey fishes
and the corresponding functional feeding responses of predatory
species, this modeling approach allowed us to explore the impor-
tance of each of these ecological processes in structuring fish
communities for the Lake Michigan pelagic fish community. First,
estimating mortalities stemming from salmonine predation and
associated changes in alewife and rainbow smelt abundance and
recruitment enabled us to gauge the sensitivity of Lake Michigan’s
forage base to fluctuating predator abundances. Based on the in-
verse relationship between our estimates of predation mortality
and alewife abundances (Fig. 5a), salmonine consumption ap-
peared to play an important role in driving historical population
dynamics of alewife in Lake Michigan, which supports the conten-
tion by Stewart and Ibarra (1991) and Madenjian et al. (2002). Thus,
the high predation mortality estimates associated with the sharp
declines in alewife abundance prior to the Chinook salmon mass
mortality event in the 1980s are suggestive of salmonine con-
sumption exceeding prey productivity during these years. Simi-
larly, the estimated increases in predation mortality coincident
with the continuous decline in alewife abundance and recruit-
ment in recent years signal excessive salmonine abundance rela-
tive to prey supply, suggesting that the risk of a mass mortality
event still remained under current salmonine stocking rates.

Fig. 4. Relative changes in predatory consumption and prey productivity based on our highest posterior density parameter estimates,
expressed as (a) functional response curves for Chinook salmon, lake trout, and all other salmonines showing changes in consumption per
predator (averaged over ages) in response to changes in total prey abundance (sum of alewife and rainbow smelt), but plotted against the
corresponding total and vulnerable alewife abundance, and (b) stock–recruitment relationships for alewife and rainbow smelt. (Note:
vulnerable alewife abundance was calculated using estimates of age-specific size preferences obtained from the model; both vulnerable
alewife abundance and spawning stock were calculated assuming a stable age distribution with known recruitments and age-specific total
mortalities set at means of model estimates; x axes were scaled assuming that total alewife abundance accounted for 60% of total prey
abundance based on mean annual abundance estimates; upper x axis does not apply to the rainbow smelt stock–recruitment curve.)

636 Can. J. Fish. Aquat. Sci. Vol. 71, 2014

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
M

ic
hi

ga
n 

St
at

e 
U

ni
ve

rs
ity

 o
n 

04
/3

0/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



Second, estimating the steepness of multispecies functional
response curves for major salmonine predators allowed us to explore
the relationship between predator consumption and lake-wide prey
availability. The steepness of the functional response curves indi-
cated that salmonine consumption rate will remain relatively high
(Fig. 4a) even at low prey densities (Fig. 4b), with Chinook salmon
(and to a lesser extent lake trout) experiencing a decline in consump-
tion per predator only at the lowest prey densities and the other
salmonines consuming at an almost maximum rate across the entire
range of observed prey densities (Fig. 4a). These findings suggested
that feedback mechanisms between predators and prey fish are un-
likely to help maintain a balance between predator consumption
and prey productivity and prevent large declines in prey availability

in Lake Michigan. Therefore, major increases in abundance of
Lake Michigan salmonines, be it as a result of higher stocking
rates, increased natural reproduction (Williams 2012), or higher
survival rates (Tsehaye et al. 2014), could lead to a major decline in
forage availability. This could in turn have serious consequences
for the salmonine populations, potentially in the form of a mass
mortality event as happened in the late 1980s (Stewart and Ibarra
1991; Holey et al. 1998). Because the mass mortality event in the
late 1980s occurred following a marked decline in alewife num-
bers and subsequent food limitation and diet shifts (Stewart and
Ibarra 1991; Madenjian et al. 2002), increased dependency of Chi-
nook salmon on alewife from the 1990s to the 2000s (Jacobs et al.
2013; Tsehaye et al. 2014) suggest that the Lake Michigan fish

Fig. 5. Temporal changes in (a) alewife and rainbow smelt abundance in relation to predation mortality rates and (b) consumption per
predator of age-2 and older Chinook salmon and lake trout.
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pelagic community faces considerable risk of predator–prey im-
balance under current stocking rates. Though it has also been
argued that the Chinook mass mortality in the past stemmed
from poor hatchery practices (Claramunt et al. 2012), the low
mass-at-age of Chinook salmon in the years leading up to the mass
mortality event suggested that Chinook salmon faced food limi-
tation. Furthermore, similar changes in Chinook salmon feeding
habits occurred in Lake Huron prior to the alewife collapse in
2004 (Riley et al. 2008; Roseman et al. 2008; Roseman and Riley
2009), including increased incidence of cannibalism (J. Schaeffer,
USGS, personal communication), supporting the contention that
increased salmonine abundance could eventually lead to prey de-
pletion and serious food limitations for the predatory salmonines.
Although no Chinook salmon mass mortality event of the magni-
tude observed in Lake Michigan in the 1980s has occurred in Lake
Huron after the alewife populations collapsed, annual mortality
rates for some age classes actually increased considerably in the
early 2000s (Brenden et al. 2012).

Fishing may be expected to help stabilize the predator–prey
communities if a feedback mechanism exists whereby Chinook
salmon become more vulnerable to fishing when alewife are
scarce. Such feedback mechanisms could arise from Chinook
salmon and the other salmonines either being more likely to
strike a fishing lure when experiencing food limitation or being
more concentrated in a smaller geographic area of high alewife
abundance. In the stock assessment model for Chinook salmon in
Tsehaye et al. (2014), catchability, which was estimated as a time-
varying parameter following a random walk (Wilberg and Bence
2006), increased from 1986 through 2008. However, this change
did not imply a clear feedback that would help stabilize the preda-
tor–prey balance, because the temporal change in catchability
was a steady one and did not obviously track fluctuations in ale-
wife abundance or Chinook mass-at-age. In addition, the level of
exploitation was relatively modest and did not appreciably reduce
cohort consumption rates, in part because fishing tended to con-
centrate on larger fish, which have already consumed a substantial
amount and would soon die due to maturation, even in the ab-
sence of fishing (Tsehaye et al. 2014).

Our multispecies modeling approach incorporating predator–
prey interactions can be used to explore the importance of
top-down regulation in a large aquatic ecosystem. Assessing the
contributions of this key driver versus bottom-up control may be
difficult in large ecosystems, where the spatial scale and high
complexity of the food webs often limit our ability to run experi-
ments that can be more easily conducted in small freshwater
systems (Vander Zanden et al. 2005; Bunnell et al. 2014). In this
study, the availability of long-term, lake-wide monitoring data on
hatchery-supported salmonines and their prey allowed us to as-
sess the importance of prey–predator interactions in regulating
the trophic structure of the pelagic community in Lake Michigan.
Although our results suggested that salmonine predation did not
have a strong influence on rainbow smelt abundance, the changes
in the abundance of the most dominant prey (alewife) in relation
to salmonine consumption and the associated functional feeding
responses of predators highlight the importance of top-down reg-
ulation in the Lake Michigan pelagic fish community, which is in
agreement with suggestions by Madenjian et al. (2002), Madenjian
et al. (2005), and Bence et al. (2008). In this regard, our study adds
to the growing list of studies on large aquatic systems, such as the
Baltic Sea, the Northwest Atlantic, and the Black Sea, in which top
predators have been found to exert top-down control on prey fish
populations (Schindler et al. 2002; Daskalov 2002; Harvey et al.
2003). Together with these studies, our study demonstrates the
significant role that predators could play in structuring fish com-
munities and why it is important to understand predator–prey
linkages for determining ecosystem-level consequences of fisher-
ies management (Cox et al. 2002; Link 2002; Essington et al. 2002).
However, in contrast to these studies, which generally examined

the effects on the aquatic food web of decreases in predator abun-
dances through fishing (Pauly et al. 1998; Schindler et al. 2002),
our study examined the importance of top-down structuring in a
situation of increasing predator abundances through stocking.
Thus, the introduction of salmonine predators in Lake Michigan
for ecological and socioeconomic reasons has also afforded an
opportunity to learn about large-scale impacts of predator intro-
ductions on previously unexploited prey populations, giving an
added perspective to ecosystem-wide effects of fishery manage-
ment decisions.

Finally, while the posterior probability distributions of parameter
estimates reflect the relative degree of uncertainty associated with
the corresponding life history or fishery characteristics, pointing to
future research and monitoring needs, our multispecies model fits
can also be used to identify areas of uncertainty regarding our
choices of observation and population submodels. In this regard,
though most parameters in our model were estimated with a rela-
tively low degree of uncertainty (Table 3), our analysis revealed some
discrepancies between trawl survey indices of abundance of alewife
and model-predicted values in some years. Especially for the most
recent years, our model estimates of alewife abundance were higher
than was suggested by observed trawl data. It may be argued that
these discrepancies are due to inconsistencies between some of the
data sets used in the “integrated analysis” (Maunder 2003), with the
trawl survey data in recent years suggesting lower alewife abun-
dance than did the input data on total consumption. Another possi-
ble explanation for these discrepancies is that there might be
alternative prey that we did not consider in the model that helped
sustain the level of “observed” consumption. However, there was no
evidence of alternative prey species found in sufficient quantities in
Lake Michigan to explain these inconsistencies (Jacobs et al. 2013).
Alternatively, these discrepancies could be because of our assump-
tion of a time-invariant catchability while there may actually be
changes in trawl catchabilities in the later years (e.g., due to shifts in
the timing of the USGS annual prey surveys and (or) dreissenid mus-
sel effects (Madenjian et al. 2006)), suggesting the need to consider
alternative observation model hypotheses. In fact, inappropriate ob-
servation model hypotheses, particularly those assuming a constant
proportionality between relative and actual abundance, have been
blamed for many failures in fish stock assessments (Walters and
Martell 2004).

In addition to the specific observation model uncertainties
pertaining to our model, there have generally been uncertainties
about using a saturating functional response to model consump-
tion given that fish are rarely captured with full stomachs, and
proportions of maximum consumption estimated through bioen-
ergetics modeling are often quite low (Walters 2000; Walters and
Martell 2004). Walters (2000) and Walters and Martell (2004) sug-
gest that the phenomenon of satiation and the trade-offs between
time spent handling prey and time spent searching for prey may
not be applicable to some aquatic ecosystems, with the amount of
consumption instead determined by the balance between the en-
ergy state of the predator and its predation risk avoidance behav-
ior during foraging activities. Nevertheless, because the only
source of predation risk for large salmonines in Lake Michigan is
attacks by the parasitic sea lamprey and fishing, the use of a
saturating functional response model seems reasonable for mod-
eling Lake Michigan salmonine predation (Szalai 2003). Yet, alter-
native population (e.g., other functional response forms), as well
as observation (e.g., time varying catchability), model hypotheses
can be considered in future research as knowledge improves of
underlying ecological and biological processes (e.g., risk avoid-
ance behavior of salmonines with respect to fishing) in the Lake
Michigan fish community, and the best models can be identified
using model selection methods, such as the Akaike information
criterion (Burnham and Anderson 2000). Overall, the ability to
detect inconsistencies among multiple data sets and (or) identify
uncertainties in observation and population model hypotheses
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points to the advantages of multispecies modeling approaches
over single-species and existing whole-ecosystem modeling ap-
proaches.
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Appendix tables appear on the following pages.
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Table A1. Trawl abundance estimates of bloater, slimy sculpin, and deepwater scul-
pin (109) from the US Geological Survey Great Lakes Science Center.

Year Bloater Slimy sculpin Deepwater sculpin

1967 0.05 0.21 0.25
1968 0.05 0.21 0.25
1969 0.05 0.21 0.25
1970 0.05 0.21 0.25
1971 0.05 0.21 0.25
1972 0.05 0.21 0.25
1973 0.05 0.21 0.29
1974 0.02 0.41 0.57
1975 0.02 0.61 1.18
1976 0.01 0.85 1.46
1977 0.01 0.23 0.95
1978 0.07 0.15 0.90
1979 0.25 0.20 1.82
1980 0.40 0.19 2.91
1981 0.80 0.21 2.28
1982 0.81 0.07 1.35
1983 2.54 0.10 2.96
1984 4.04 0.03 2.32
1985 3.18 0.06 2.39
1986 4.20 0.04 1.87
1987 4.40 0.12 2.67
1988 5.62 0.09 1.66
1989 7.56 0.07 0.96
1990 3.92 0.02 0.90
1991 4.51 0.17 0.65
1992 5.07 0.15 1.99
1993 3.10 0.13 0.93
1994 2.53 0.21 0.69
1995 1.99 0.23 1.08
1996 2.65 0.44 1.82
1997 2.07 0.40 1.87
1998 0.83 0.18 0.22
1999 0.48 0.62 2.37
2000 0.36 0.56 1.07
2001 0.31 0.17 1.58
2002 0.25 0.23 1.35
2003 0.18 0.37 1.27
2004 0.31 0.72 1.67
2005 0.39 1.00 2.06
2006 0.26 1.92 1.65
2007 0.10 0.56 0.64
2008 0.08 0.81 0.36

Table A2. Mass-at-age of alewife and rainbow smelt (kg).

Age (years)

Species 0 1 2 3 4 5 6 7

Alewife 0.0002 0.0028 0.0130 0.0220 0.0270 0.0320 0.0370 0.0410
Rainbow smelt 0.0001 0.0009 0.0034 0.0059 0.0181 0.0342 0.0473 —
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Table A3. Time series of salmonine abundance estimates in Lake
Michigan (Tsehaye et al. 2014).

Year

Abundance (106)

Chinook
salmon

Steelhead
trout

Coho
salmon

Brown
trout

Lake
trout Total

1967 0.60 0.12 0.87 0.04 3.52 5.15
1968 0.81 0.40 1.10 0.11 4.53 6.96
1969 0.99 0.66 2.01 0.20 5.16 9.02
1970 1.98 0.80 2.77 0.26 5.62 11.45
1971 2.76 1.07 2.51 0.35 6.14 12.83
1972 3.01 1.35 2.25 0.54 6.95 14.10
1973 3.99 1.89 2.04 1.10 7.25 16.26
1974 4.84 2.07 2.65 1.37 7.39 18.32
1975 5.87 2.34 2.41 1.31 7.74 19.67
1976 5.80 2.73 2.35 1.36 7.96 20.20
1977 5.57 2.67 2.57 1.62 7.86 20.29
1978 7.24 2.47 2.38 1.65 7.93 21.67
1979 7.74 2.74 3.01 1.64 7.86 22.99
1980 9.13 2.87 2.86 1.59 7.96 24.40
1981 9.13 2.85 2.26 1.62 7.59 23.45
1982 10.41 2.60 1.96 1.65 7.41 24.02
1983 11.43 2.67 1.94 1.93 7.47 25.44
1984 12.96 3.29 2.34 2.12 6.11 26.81
1985 12.64 3.40 2.34 2.11 6.95 27.43
1986 12.53 3.70 2.03 2.09 7.42 27.76
1987 12.39 3.88 1.92 1.80 7.14 27.14
1988 10.50 3.42 2.42 1.86 6.67 24.86
1989 11.75 3.21 2.22 1.93 6.65 25.77
1990 13.97 3.10 1.96 2.06 6.97 28.05
1991 12.37 3.17 2.01 2.08 7.32 26.95
1992 10.66 3.30 2.18 2.10 7.61 25.84
1993 9.63 3.44 1.71 2.19 8.10 25.07
1994 9.36 3.65 1.29 2.31 7.97 24.58
1995 10.57 3.68 1.70 2.40 8.25 26.61
1996 11.84 3.64 2.35 2.50 7.46 27.79
1997 11.29 3.63 2.30 2.51 7.45 27.17
1998 11.33 3.50 1.86 2.47 7.34 26.51
1999 11.26 3.39 2.06 2.36 4.99 24.06
2000 10.53 3.06 2.13 2.40 5.03 23.16
2001 13.13 3.15 2.19 2.44 4.97 25.88
2002 12.62 3.26 2.23 2.41 5.14 25.66
2003 11.59 3.52 2.43 2.39 5.83 25.76
2004 10.85 3.47 1.81 2.40 6.00 24.54
2005 10.50 3.74 1.85 2.42 6.68 25.18
2006 10.93 3.67 2.04 2.47 7.06 26.18
2007 10.32 3.73 1.92 2.36 8.02 26.35
2008 9.65 3.65 1.74 2.40 8.18 25.63

Table A4. Estimates of natural mortality of Chinook salmon (Tsehaye
et al. 2014).

Age (years)

Year 0 1 2 3 4 5

1967 0.70 0.30 0.10 0.10 0.10 0.10
1968 0.70 0.30 0.10 0.10 0.10 0.10
1969 0.70 0.30 0.10 0.10 0.10 0.10
1970 0.70 0.30 0.10 0.10 0.10 0.10
1971 0.70 0.30 0.10 0.10 0.10 0.10
1972 0.70 0.30 0.10 0.10 0.10 0.10
1973 0.70 0.30 0.10 0.10 0.10 0.10
1974 0.70 0.30 0.10 0.10 0.10 0.10
1975 0.70 0.30 0.10 0.10 0.10 0.10
1976 0.70 0.30 0.10 0.10 0.10 0.10
1977 0.70 0.30 0.10 0.10 0.10 0.10
1978 0.70 0.30 0.10 0.10 0.10 0.10
1979 0.70 0.30 0.10 0.10 0.10 0.10
1980 0.70 0.30 0.10 0.10 0.10 0.10
1981 0.70 0.30 0.10 0.10 0.10 0.10
1982 0.70 0.30 0.10 0.10 0.10 0.10
1983 0.70 0.30 0.10 0.10 0.10 0.10
1984 0.70 0.30 0.10 0.10 0.10 0.10
1985 0.70 0.30 0.10 0.10 0.10 0.10
1986 0.70 0.30 0.10 0.10 0.10 0.10
1987 0.70 0.84 0.42 0.86 0.86 0.86
1988 0.70 0.87 0.44 0.90 0.90 0.90
1989 0.70 0.61 0.29 0.53 0.53 0.53
1990 0.70 1.17 0.62 1.31 1.31 1.31
1991 0.70 1.33 0.71 1.53 1.53 1.53
1992 0.70 1.62 0.89 1.94 1.94 1.94
1993 0.70 1.45 0.78 1.70 1.70 1.70
1994 0.70 1.23 0.65 1.39 1.39 1.39
1995 0.70 0.54 0.24 0.44 0.44 0.44
1996 0.70 1.05 0.55 1.14 1.14 1.14
1997 0.70 1.24 0.66 1.41 1.41 1.41
1998 0.70 0.71 0.34 0.67 0.67 0.67
1999 0.70 1.20 0.64 1.36 1.36 1.36
2000 0.70 0.76 0.38 0.75 0.75 0.75
2001 0.70 0.71 0.35 0.68 0.68 0.68
2002 0.70 0.49 0.21 0.36 0.36 0.36
2003 0.70 1.06 0.55 1.16 1.16 1.16
2004 0.70 0.56 0.26 0.47 0.47 0.47
2005 0.70 0.36 0.14 0.19 0.19 0.19
2006 0.70 0.57 0.26 0.48 0.48 0.48
2007 0.70 0.53 0.24 0.43 0.43 0.43
2008 0.70 0.87 0.44 0.89 0.89 0.89
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Table A5. Estimates of (a) background natural mortality and (b) spawning mortalities based on Rutherford (1997) and Jonas (2011).

(a) Natural mortality.

Species

Age (years)

1 2 3 4 5 6 7 8 9 10+

Lake trout 0.62 0.23 0.24 0.25 0.26 0.27 0.27 0.27 0.27 0.27
Steelhead trout 0.10 0.10 0.10 0.50 1.00
Brown trout 0.30 0.10 0.10 0.10 0.10
Coho salmon 0.500 0.1

(b) Spawning mortality.

Age (years)

Species 0 1 2 3 4 5

Chinook salmon* 0.00 0.12 0.33 0.99 0.99 0.99
Steelhead trout 0.04 0.14 0.42 0.62 0.62
Brown trout 0.05 0.50 0.65 0.70 0.99
Coho salmon 0.05 0.99

*For years prior to 1981.

Table A6. Mass-at-age (kg) at annulus formation of Chinook salmon based on creel survey data
from the Michigan Department of Natural Resources.

Age (years)

Year 0 1 2 3 4 5

1967 0.005 0.586 3.176 8.193 9.830 11.800
1968 0.005 0.586 3.176 7.485 9.300 11.560
1969 0.005 0.586 3.176 7.485 9.630 12.400
1970 0.005 0.586 3.176 7.485 9.630 12.400
1971 0.005 0.586 3.176 7.485 9.630 12.400
1972 0.005 0.586 3.176 7.485 9.630 12.400
1973 0.005 0.586 3.176 7.485 9.630 12.400
1974 0.005 0.586 3.176 7.485 9.630 12.400
1975 0.005 0.586 3.176 7.485 9.630 12.400
1976 0.005 0.586 3.176 7.485 9.630 12.400
1977 0.005 0.586 3.176 7.485 9.630 12.400
1978 0.005 0.586 3.176 7.485 9.630 12.400
1979 0.005 0.586 3.063 7.200 9.270 11.930
1980 0.005 0.586 2.936 6.766 8.650 11.070
1981 0.005 0.586 2.810 6.332 8.110 10.400
1982 0.005 0.586 2.683 5.898 7.570 9.730
1983 0.005 0.586 2.557 5.463 7.030 9.050
1984 0.005 0.586 2.430 5.029 6.490 8.380
1985 0.005 0.650 2.640 2.830 5.950 7.850
1986 0.005 0.770 1.730 4.260 4.470 7.670
1987 0.005 0.760 2.160 3.510 6.400 6.630
1988 0.005 0.750 2.230 4.260 5.920 9.100
1989 0.005 0.710 2.020 4.010 6.290 7.990
1990 0.005 0.780 2.110 4.080 6.590 9.170
1991 0.005 0.810 2.250 4.140 6.490 9.150
1992 0.005 0.890 2.610 4.880 7.350 10.100
1993 0.005 0.800 2.600 5.010 7.630 10.210
1994 0.005 0.770 2.240 4.700 7.420 10.100
1995 0.005 0.820 2.210 4.330 7.220 10.080
1996 0.005 0.840 2.380 4.330 6.810 9.790
1997 0.005 0.720 2.290 4.380 6.600 9.130
1998 0.005 0.730 1.850 3.820 5.990 8.090
1999 0.005 0.840 2.220 3.900 6.320 8.690
2000 0.005 0.870 2.850 5.160 7.500 10.530
2001 0.005 0.800 2.400 5.010 7.510 9.820
2002 0.005 0.780 2.240 4.460 7.450 10.020
2003 0.005 0.830 2.180 4.140 6.620 9.570
2004 0.005 0.760 2.330 4.200 6.480 9.060
2005 0.005 0.720 1.920 3.840 5.750 7.870
2006 0.005 0.780 2.110 3.840 6.140 8.200
2007 0.005 0.740 2.250 4.180 6.300 8.850
2008 0.005 0.740 1.870 3.730 5.710 7.690
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Table A7. Mean mass-at-age (kg) of other salmonines at annulus fromation based on creel survey data from the
Michigan Department of Natural Resources.

Species

Age (years)

1 2 3 4 5 6 7 8 9 10+

Lake trout 0.05 0.26 0.81 1.42 2.06 2.74 3.32 3.91 4.39 5.33
Steelhead trout 0.08 1.45 3.16 4.69 5.44
Brown trout 0.48 1.50 3.03 3.72 3.72
Coho salmon 0.23 1.61

Table A8. Gross conversion efficiency values by age used in the estimation of consumption for the years before and after dreissenid invasion
(1995 was used as the cutoff year) (Tsehaye et al. 2014).

Age (years)

0 1 2 3 4 5 6 7 8 9 10

Chinook salmon
Before 0.271 0.277 0.186 0.092 0.037 0.037
After 0.243 0.224 0.152 0.075 0.030 0.030

Lake trout
Before 0.205 0.192 0.162 0.144 0.144 0.128 0.116 0.105 0.095 0.085 0.205
After 0.199 0.180 0.148 0.132 0.131 0.116 0.105 0.095 0.087 0.077 0.199

Steelhead trout
Before 0.238 0.221 0.213 0.154 0.144
After 0.222 0.196 0.185 0.134 0.125

Brown trout
Before 0.231 0.221 0.213 0.154 0.154
After 0.216 0.196 0.185 0.134 0.134

Coho salmon
Before 0.302 0.234
After 0.285 0.199
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