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ABSTRACT 

Georges Bank has exhibited marked changes in ecosystem structure over the last 

half century.  The community once dominated by groundfish and other finfish is now 

primarily composed of pelagic and elasmobranch species.  Community dynamics are 

profoundly influenced by species interactions such as predation.  The focus of this 

dissertation is to estimate the trophic interactions among fish species on Georges Bank.  

These species interactions are estimated by developing a multispecies, statistical catch-at-

age model of the Georges Bank fish community that explicitly quantifies the mortality 

due to predation.  

Manuscript I:  A submodel was developed for three important fish species on 

Georges Bank: Atlantic cod, silver hake, and Atlantic herring.  The model was fit to time 

series of commercial catch, fishery-independent survey catch, and predator diet 

composition data from 1978-2007.  Estimated predation rates were high, compared with 

fishing mortality, and variable with time.  Monte Carlo simulations were used to evaluate 

the ability of the model to statistically estimate parameters with known error introduced 

into each of the three input datasets.  The model parameters and derived indices could be 

estimated with confidence from input data with error levels similar to those obtained 

from the model fit to the observed data.  This manuscript helps to elevate multispecies 

statistical catch-at-age models to the level of statistical rigor expected of fishery 

dynamics models. 

Manuscript II:   The submodel developed in the first chapter was expanded by 

applying the model to nine fish species within the Georges Bank community.  While 

sensitivity to dataset weights and initial parameter estimates was apparent, both the 
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magnitude and temporal trends in the predation mortality rates experienced by prey 

species were statistically estimated.  Predation mortality rates again varied both 

temporally and ontogenetically.  Mackerel, herring and silver hake experienced the 

greatest mortalities due to predation, with maximum predation mortality rates of 0.62 for 

mackerel, 1.01 for herring and 1.58 for silver hake.  For these species, losses due to 

predation generally exceeded annual landings.  Goosefish was the most dominant 

predator, followed by cod and silver hake, and consumption of modeled fish was related 

to prey abundance.  These results demonstrate the strong impact of predation on Georges 

Bank fish community dynamics. 

Manuscript III:  The multispecies statistical catch-at-age model developed in the 

first two manuscripts was used to develop stochastic forward projections.  These 

projections were used to explore the consequences of different fishing scenarios while 

accounting for predation.  Stochastic projections indicated strong interactions between 

modeled species, though the interactions were not always direct.  Examples of indirect 

interactions included the effect of goosefish on herring and similarly, the impact of 

goosefish on white hake.  Consequently, population responses to fishing were a function 

of not only the rates of fishing, but also of these direct and indirect interactions among 

species.   

Collectively, this dissertation demonstrates the strong impact of predation on 

Georges Bank fish community dynamics and provides a tool for statistically estimating 

the mortality due to predation.  Through the development of a multispecies statistical 

catch-at-age model, we have expanded the multispecies modeling approaches 

implemented for Georges Bank and the Northeast U.S. Continental Shelf.  
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PREFACE 

This dissertation is written in the manuscript format specified by the University of 

Rhode Island Graduate School. 

Manuscript I is written for the Canadian Journal of Fisheries and Aquatic Sciences 

and recently passed an internal review with NOAA’s Northeast Fisheries Science Center.  

It will be submitted to the journal soon.   

Manuscript II is written for the ICES Journal of Marine Science and will be 

submitted for review upon completion of this dissertation.   

Manuscript III is written for Fisheries Research and will also be submitted for 

review upon completion of this dissertation. 
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ABSTRACT 

Accounting for the trophic interactions among harvested species is an important 

component of the ecosystem approach to fisheries management.  This need creates a 

challenge of incorporating species interactions in statistical, catch-at-age models in a way 

that accounts for the uncertainty in input data, parameters, and results.  We developed a 

statistical, age-structured, multispecies model for three important species in the Georges 

Bank fish community: Atlantic cod, silver hake, and Atlantic herring.  The model was fit 

to commercial catch, survey, and diet data from 1978-2007.  The estimated predation 

rates were high, compared with fishing mortality, and variable with time.  The dynamics 

of the three species can be explained by the interplay between fishing and predation 

mortality.  Monte Carlo simulations were used to evaluate the ability of the model to 

estimate parameters with known error introduced into each of the data types.  The model 

parameters and derived indices could be estimated with confidence from input data with 

error levels similar to those obtained from the model fit to the observed data.  These 

results and evaluations of model performance should help to move multispecies, 

statistical, catch-at-age models from proof of concept to functional tools for ecosystem 

based fisheries management. 

 

KEYWORDS 

multispecies statistical catch-at-age model, Monte Carlo, measurement error, predation 

mortality, Georges Bank 
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INTRODUCTION 

Accounting for trophic interactions among species is an important component of an 

ecosystem approach to fisheries (Link 2010).  Approaches for incorporating species 

interactions have expanded substantially over the last few decades and range from 

expanded versions of single-species models to full ecosystem models that incorporate all 

trophic levels (Plagányi 2007). This spectrum of available models varies in data 

requirements and model assumptions, exhibiting trade-offs between the ability to 

incorporate particular species-specific population dynamic processes and the ability to 

depict the full system (Link 2002). The full array of modeling approaches available to 

support an ecosystem approach to fisheries has been catalogued elsewhere (Hollowed et 

al. 2000, Plagányi 2007, Townsend et al. 2008). Here we address those models generally 

classified as dynamic multispecies models, which are most similar to the age-structured 

model developed in this study. 

Virtual population analysis (VPA), a retrospective method that uses catch-at-age 

data to estimate population numbers and fishing mortality rates, was extended to 

multispecies virtual population analysis (MSVPA) through incorporation of Andersen 

and Ursin’s (1977) seminal work on predator food-selection (Helgason and Gislason 

1979, Pope 1979, Sparre 1980). MSVPA explicitly models predation mortality among 

interacting species and therefore more fully describes the age dependence and interannual 

variability in natural mortality (Sparre 1991, Magnússon 1995). Since its creation, 

MSVPA and expanded MSVPA-X have been used to estimate the interactions among 

commercially important fish stocks in several ecosystems, including the North Sea 

(Gislason and Helgason 1985), Baltic Sea (Sparholt 1994, Gislason 1999), Bering Sea 
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(Livingston and Jurado-Molina 2000), Georges Bank (Tsou and Collie 2001a), northwest 

Atlantic (Tyrrell et al. 2008) and the western mid-Atlantic (Garrison et al. 2010). 

MSVPA is a deterministic model that assumes input time series are measured without 

error (Lewy and Vinther 2004); accordingly, it does not incorporate stochastic variability 

or uncertainty in the parameter estimates. 

In contrast to VPA, statistical catch-at-age models account for error in observed 

catches and other input data through the statistical estimation of model parameters and 

quantification of uncertainty (Fournier and Archibald 1982, Deriso et al. 1985, Quinn and 

Deriso 1999).  Statistical catch-at-age models are one of the preferred methods for single-

species stock assessments because the model uncertainty can inform management 

decisions. These models have been combined with the predation equations from MSVPA 

to produce multispecies, statistical catch-at-age models (Jurado-Molina et al. 2005, Van 

Kirk et al. 2010). 

Several multispecies statistical catch-at-age models have been developed with 

varying assumptions and applied to several different ecosystems. Some formulations 

include the estimation of food-selection parameters (Lewy and Vinther 2004, Kinzey and 

Punt 2009, Van Kirk et al. 2010).  Lewy and Vinther's (2004) Stochastic Multi-Species 

Model for the North Sea is semi age-length structured; species abundance, fishing 

mortality rates and catch data are age-structured, but both the stomach-content data and 

the food-selection model are structured by length because predator preference depends on 

size.  Furthermore, the statistical multispecies age-structured model of the Aleutian Shelf 

(Kinzey and Punt 2009) considered uncertainty regarding the predator functional 

response. Other variants such as Gadget are also spatially explicit and incorporate 



 

5 
 

additional biological processes such as migration and reproduction (Begley and Howell 

2004).  To the best of our knowledge, none of these modeling efforts have evaluated 

model performance with simulated data containing known levels of error.   

Here we use Monte Carlo analysis to evaluate the uncertainty in parameter 

estimation to varying levels of measurement error.  Evaluating model performance with 

simulated data incorporating measurement error will help to elevate these models to the 

level of statistical rigor expected of fishery population dynamic models.   

In the northeast US, a variety of approaches has been applied to incorporate 

ecological considerations into fisheries models (Townsend et al. 2008).  Over the last half 

century, Georges Bank has exhibited substantial changes in community dynamics. The 

community once dominated by groundfish and other finfish is now primarily composed 

of pelagic and elasmobranch species (Fogarty and Murawski 1998, Link and Garrison 

2002).  Furthermore, several studies have indicated a shift in the dominant piscivores 

from cod and silver hake to spiny dogfish and winter skate (Tsou and Collie 2001a, Link 

and Garrison 2002).  Predation mortality on the youngest ages is high, variable 

(Overholtz et al. 2008, Moustahfid et al. 2009), and may affect the year-class strength of 

commercially important species (Tsou and Collie 2001b, Tyrrell et al. 2008, Tyrrell et al. 

2011).  The overall objective of this study is to develop a multispecies statistical catch-at-

age model of the Georges Bank fish community that explicitly quantifies the mortality 

due to predation, and once fully developed, can be used as a tool for incorporating 

ecological considerations into fisheries management. 

To test the performance of the multispecies statistical catch-at-age model, we first 

constructed a sub-model of the Georges Bank fish community, including Atlantic cod 
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(Gadus morhua), silver hake (Merluccius bilinearis) and Atlantic herring (Clupea 

harengus). These three species were chosen because previous work has demonstrated 

their importance as predators or prey in the ecosystem (Tsou and Collie 2001a, Tyrrell et 

al. 2008), they are known to exhibit strong interactions via predation (Tsou and Collie 

2001b, Overholtz and Link 2007), and the required input data are readily available.  

Accordingly, the specific goals of this manuscript are to 1) fit single-species versions of 

the model to each species to obtain baseline results for the multispecies model, 2) enable 

species interactions through predation and compare these results to the single-species 

runs, and 3) measure uncertainty in parameter estimation with Monte Carlo analysis.  

This three-species model contains important species interactions but is still small enough 

to permit extensive Monte Carlo simulation. 

 

METHODS 

The catch-at-age model comprises Atlantic cod, silver hake, and Atlantic herring. In 

this submodel, cod is a top predator of both silver hake and herring, silver hake is an 

intermediate predator only of herring, and herring is a forage species. Cod and silver hake 

can also exhibit cannibalism. 

Data requirements 

Six input data series are required for each species: total commercial catch in weight, 

total survey catch in number/tow, age proportions for both commercial and survey 

catches, average individual weight-at-age, and for the multispecies runs, age-specific 

predator diet.   
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Total annual commercial catch was obtained from the most recent published stock 

assessments (cod: NEFSC 2008, herring: Shepherd et al. 2009) or directly from Northeast 

Fisheries Science Center (NEFSC) databases (silver hake). For cod and herring, total 

commercial catches represented landings plus discards; discard estimates were not 

available for silver hake. Both silver hake and herring stocks are assessed over a wider 

geographic area than just Georges Bank. Following Collie and Delong (1999), the 

NEFSC trawl survey was used to calculate the proportion of the species' biomass found 

on Georges Bank each year from 1978-2007. For both species, these proportions did not 

exhibit a systematic temporal trend. Accordingly, average proportions (silver hake = 

0.165, herring = 0.119) were used to determine the commercial catches attributable to 

Georges Bank in each year. 

Time series of annual catch-at-age (millions of fish) were used to calculate age 

proportions from the commercial catch. For cod, this time series was obtained from the 

most recent assessment. However, for silver hake and herring older assessments were 

used (silver hake: Brodziak et al. 2001, herring: Overholtz et al. 2004) due to limitations 

in data availability. Herring age-proportions in years since the last assessment (2003-

2007) were treated as missing data; however, the use of average age proportions was 

necessary for silver hake (1999-2007) to avoid parameter confounding. 

Age-structured seasonal (spring and fall) trawl-survey catches (number-per-tow) 

were obtained from the most recent assessments for cod and herring. Since herring survey 

catches represented the Georges Bank-Gulf of Maine stock complex, we assumed that 

these relative abundances were representitive of just Georges Bank as well.  For silver 

hake, average seasonal estimates of catch-per-tow for Georges Bank strata were 
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calculated directly from the NEFSC trawl-survey database. Age-structured survey catches 

were not available in all years. Consequently, trawl-survey catches were split into two 

time series: total seasonal survey catch (summed over age classes), and the age 

proportions of the survey catch. 

Average individual weight-at-age is needed in both the single- and multi-species 

versions of the model to convert from numbers to biomass units. Weight-at-age time 

series were taken from the recent age-structured assessments (cod: NEFSC 2008, herring: 

Shepherd et al. 2009, silver hake: Brodziak et al. 2001). The silver hake weight-at-age 

time series extended only through 1999, therefore, average weight-at-age from 1995-

1999 was used for 2000-2007.   

For multispecies runs, additional data requirements include consumption:biomass 

(C/B) estimates, the biomass of "other food" in the ecosystem, and average predator diet. 

Age-specific C/B ratios were obtained from Grosslein et al. (1980).  Following Sparre 

(1980) as well as the MSVPA application to Geoges Bank (Tsou and Collie 2001a), we 

assumed a constant, time-invariant total ecosystem biomass, permitting the biomass of 

available other food to vary annually.  Prior studies have confirmed that the total biomass 

on Georges Bank has remained relatively stationary (Link et al. 2008, Auster and Link 

2009).  During the development of the Georges Bank MSVPA, the total ecosystem 

biomass of fish and their prey on Georges Bank was estimated to be 15 million metric 

tons (Tsou and Collie 2001a).  More recent work estimated the total Georges Bank 

ecosystem biomass as 7.34 million metric tons (Rochet et al. 2011).  While Tsou and 

Collie’s (2001a) estimate was used in this study, the impact of assuming Rochet’s (2011) 

estimate on estimated predation rates was explored in a sensitivity run.   
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Georges Bank stomach-content data were obtained from the NEFSC Food Web 

Dynamics Program, which has systematically sampled predator food habits since 1973 

(Link and Almeida 2000). These food-habits data are structured by predator species and 

length, but primarily only by prey species because prey lengths and ages are not routinely 

measured. A subset of the database is structured by both predator and prey lengths; it 

contains over 1900 predator and prey length measurements for the species interactions 

modeled here and collected though the time series. Average length-at-age estimates 

(Penttila et al. 1989) were used to convert predator and prey lengths to ages. Age-specific 

predator diet, represented as proportion by weight, was averaged over 5-year periods to 

reduce the inherent variability in the dataset as well as the amount of missing data (Van 

Kirk et al. 2010), while still capturing the temporal trends. 

Model description 

Equations for the progression of year class abundance, commercial catch-at-age and 

fishing mortality-at-age (assuming separable fishing mortality) follow those equations 

traditionally used in age-structured, single-species stock assessments (Quinn and Deriso 

1999).  All symbols are defined in Table 1 and single-species equations are listed in 

Table 2. 

In single-species runs, total mortality in year ݐ comprised an age- and time-invariant 

instantaneous natural mortality (M) rate and an age- and year-specific instantaneous 

fishing mortality rate:  

(1)   ܼ,,௧ ൌ ,,௧ܨ   .ܯ  
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Total natural mortality (M) was set to 0.2 for all three species based on values used in 

recent stock assessments or species’ life histories (Hoenig 1983, NEFSC 2008, Shepherd 

et al. 2009).    

Fishery independent survey catch (ܥܫܨ,,௧) was related to age-specific abundances, 

assuming age-invariant catchability ݍ, and age-specific selectivity ݎ, coefficients, as  

(2)   ,,௧ܥܫܨ ൌ ,ݎݍ ܰ,,௧݁
ି

ଵଶ,ೌ,    

where ݉  represents the month in which the trawl survey was conducted. Relative 

abundance estimates from both the spring and fall surveys were initially used for each 

species; the season providing the most consistent abundance estimates and the best 

diagnostics, was included in the final model. Fall time series were used for cod and silver 

hake; the spring time series was used for herring. Species-specific catchabilities (ݍ) were 

calculated from deviations between predicted absolute abundance, ܰ,,௧  and predicted 

relative abundance, ܥܫܨ,,௧, as in Walters and Ludwig (1994). Age-specific fishery and 

survey selectivity coefficients were estimated for each species from age-1 to the assumed 

age of full recruitment. The ages of full recruitment to the fishery and survey were both 

selected iteratively.  Ages corresponding to selectivities whose estimates were 

approximately 1.0 in initial runs were assumed to be fully recruited in subsequent 

iterations.  Furthermore, dome-shaped selectivity ogives were not permitted; once full 

selectivity was reached, all selectivity parameters for older age classes were fixed at one.  

For the fishery, the age of full recruitment in the final run was set to age-4 for cod, and 

age-3 for both silver hake and herring. Likewise, the age of full recruitment to the survey 

was set to age-3 for cod, and age-2 for silver hake and herring. 
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Multispecies formulations 

The formulation of the multispecies model generally follows that of MSVPA and 

the multispecies age-structured assessment of Van Kirk et al. (2010).  In multispecies 

runs, natural mortality was partitioned into two components: the mortality due to 

predation (2ܯ) and the residual natural mortality (1ܯ) (Helgason and Gislason 1979), 

such that  

(3)   ,,௧ܯ ൌ 1ܯ   .2,,௧ܯ  

In these runs, the species-specific residual natural mortality was chosen such that the total 

natural mortality rate (ܯ,,௧) for the oldest age classes was as similar as possible to the 

0.2 value assumed in the single-species runs.  Accordingly, residual natural mortality was 

set to 0.2 for cod and 0.1 for silver hake and herring. 

Calculation of predation mortality follows that of MSVPA and is calculated from 

suitability coefficients, incorporating the preference for a particular prey species by a 

predator (Sparre 1991). Predator ݆, ܾ  size-preference for prey ݅, ܽ  is modeled as a 

lognormal function of the ratio of predator-to-prey weight (Andersen and Ursin 1977, 

Helgason and Gislason 1979) 

(4)   ݃,,,,௧ ൌ ݔ݁ െ 
1

,ߪ2
ଶ ቆ݈݊

ܹ,,௧

ܹ,,௧
െ ,ቇߟ

ଶ

൩ 
 

where ߟ,  represents the preferred lognormal predator-to-prey weight ratio and ߪ,
ଶ  

reflects the variance in this ratio (i.e. how selective the predator species is with regards to 

the size of its prey). A distinct set of size-preference coefficients (ߟ,  is estimated for (ߪ

each species interaction. Preliminary analyses with simulated data indicated that predator 
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size-preference coefficients were not estimable within the model framework because the 

full dataset was not structured by prey length. Consequently, the subset of data for which 

both predator and prey lengths were available was used to empirically calculate observed 

predator size-preference coefficients. 

The calculated average predator-to-prey weight ratio was used to approximate the 

preferred ratio, ߟ, and the observed variance in that ratio was assumed to be equivalent to 

 To calculate these coefficients, season-specific length-weight relationships (Wigley et .ߪ

al. 2003) were used to convert observed predator and prey lengths to weights. These 

empirical size-preference parameters were then inputted into the model framework as 

known constants.  In preliminary runs, we also explored whether these size-preference 

parameters could be estimated using priors.  However, this analysis again indicated a 

high sensitvity to parameter confounding and only minimal movement from starting 

parameter estimates when confounding was not apparent; therefore, the base run with 

empirical size-preference parameters treated as known constants was used.     

From age-specific, size-preference coefficients, the suitability of each prey ݅, ܽ to 

predator ݆, ܾ is calculated as 

(5)   ,,,,௧ߥ ൌ ,ߩ ⋅ ݃,,,,௧   

where ߩ, represents the general vulnerability of prey species ݅ to predation by predator 

species ݆ , or the species preference of a predator. Vulnerability, , incorporates all 

differences in food selection, for example behavioral and vertical distribution differences, 

that are not attributable to size differences (Gislason and Helgason 1985). Species 

preference is relative to a reference prey species, in this case “other food”, whose ߩ௧ 
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is set to one. The suitability of “other food” is also equal to one because it is assumed to 

be of the preferred size.  

Suitability and underlying size-preference coefficients are permitted to vary 

annually as a function of annual variation in the input time series of individual weight-at-

age. Suitability coefficients are scaled across all prey species and ages to facilitate 

comparisons between estimated available (suitable) prey biomass and food-habits data 

such that the suitabilities for a predator age class sum to one (Sparre 1980) 

(6)   ,,,,௧ߥ ൌ
,,,,௧ߥ

∑ ∑ ,,,,௧ߥ  ௧ߥ
.   

These scaled suitability coefficients are then used to calculate the biomass of prey ݅, ܽ 

available to each predator ݆, ܾ: 

(7)   ߶,,,,௧ ൌ ,,,,௧ߥ ⋅  ,,௧ܤ  

and the available biomass of other food  

(8)   ߶௧ ൌ ௧ߥ ⋅  ௧,௧ܤ  

where ܤ௧,௧ represents the total biomass of other food in the system. Following Sparre 

(1980), the total biomass of other food is calcuated as 

(9)   ௧,௧ܤ ൌ ܤܿܧ െ  ,,௧ܤ


   

where ܤܿܧ  represents the total biomass of the ecosystem and ∑ 	 ∑ 	 ,,௧ܤ  the total 

biomass of those species included in the model, permitting the biomass of other food to 
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vary annually. The total available prey biomass then represents the sum of the available 

biomass of the modeled species and the available other-food biomass:  

(10)   ߶,,௧ ൌ ߶௧ 




߶,,,,௧. 

 

The ratio of the available biomass of prey ݅, ܽ  to the total available prey biomass is 

equivalent to the proportion, by weight, of prey ݅, ܽ in the stomach of the predator, or  

(11)  
ܵ,,,,௧

ܵ,,௧
ൌ
߶,,,,௧
߶,,௧

 
 

where ܵ,,,,௧ is the weight of prey species ݅, ܽ in the stomach of predator ݆, ܾ and ܵ,,௧ is 

the total stomach content weight of predator ݆, ܾ . The scaling of the suitability 

coefficients creates a one-to-one direct correspondence between the stomach-contents of 

the predator and the relative suitable prey biomass.  The predicted annual diet proportions 

were then averaged over 5-year bins. 

Finally, following Lewy and Vinther (2004), the mortality due to predation is 

approximated as 

(12)   2,,௧ܯ ൎ
1

ܰ,,௧ ܹ,,௧






,,௧ܤ,ܤܥ

߶,,,,௧
߶,,௧

 
 

where ܤܥ, represents the age-specific consumption-to-biomass ratio for each predator 

species. Due to the time-invariance of these consumption estimates, it is assumed that 

predators are not food-limited (Magnússon 1995).  These definitions of predation 

mortality and predator stomach contents correspond to a Type-II functional response 

(Sparre 1980).  To obtain an instantaneous rate of predation mortality, estimates of 
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average annual predator biomass and prey abundance should ideally be used instead of 

beginning year abundance, making the equation for predation mortality recursive (Lewy 

and Vinther 2004). As in Van Kirk et al. (2010), an approximation of predation mortality 

was used to avoid the extensive iterations that would be required for parameter 

estimation. 

Parameter estimation 

The set of estimated model parameters includes age-specific abundances in the first 

year ܰ,,ଵ, annual recruitment in subsequent years ܰ,ଵ,௧, annual fully recruited fishing 

mortality rates ܨ,௧ , age-specific fishery ݏ,  and survey ݎ,  selectivity coefficients, and 

the vulnerability parameters,   :,ߩ

(13)   ߠ ൌ ൛ ܰ,,ଵ, ܰ,ଵ,௧, ,,௧ܨ ,,ݏ ,,ݎ  .,ൟߩ  

Due to estimation of age- and species-specific abundances in the first year as initial 

parameters, the model does not depend on an assumption of equilibrium. For all 

subsequent years beyond the first year of the time series, annual recruitment is estimated 

as a mean parameter plus a vector of annual deviation parameters that must sum to zero. 

Model parameters were estimated with maximum likelihood techniques, 

programmed in AD Model Builder (ADMB Project 2009).  A Bayesian approach with 

priors was implemented though penalized likelihoods. The statistical estimation of model 

parameters allows the assumption that commercial catch, survey catch and food habits 

data are subject to observation error. 

The total likelihood comprised five components and the penalty functions (Table 3).  

Total commercial catch and total survey catch were assumed to be lognormally 
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distributed.  Commercial catch age proportions, survey age proportions and predator food 

habits (average proportions by weight) were assumed to follow multinomial distributions. 

The objective function weights for each dataset were determined with an iterative 

approach.  In particular, weightings for the lognormal components were chosen to 

achieve approximately a 10% coefficient of variation (CV) for total commercial catch, 

and a 30-40% CV for total survey catch.  A higher CV was assumed for the trawl-survey 

component due to the large interannual variability apparent in the observed time series.  It 

is presumed that this interannaul variability partly results from variation in availability to 

survey gear and not necessarily only true changes in abundance (Overholtz et al. 1999).  

Weightings for the multinomial components were chosen to best approximate the average 

effective sample size.  Following McAllister and Ianelli (1997), the effective sample size 

for species ݅ in year ݐ was calculated as 

(14)   ݂ܧ ܰ,௧ ൌ
∑ ܲ,,௧൫1 െ ܲ,,௧൯

∑ ൫ ܲ,,௧ െ ܲ,,௧൯
ଶ  

 

where ܲ,,௧  is the observed proportion-at-age for species ݅  in year ݐ , and ܲ,,௧  is the 

predicted proportion-at-age. Annual effective sample sizes were then averaged over time.  

Sensitivity runs were conducted to determine the influence of the food-habits weighting 

on resulting predation rates. 

Penalty functions were imposed on initial abundances, annual recruitment and age-

specific biomasses (Table 3).  The penalty imposed on initial abundances, ܻ݊݁, prevents 

age-specific abundances from deviating substantially from those predicted by exponential 

decay,  Yr1, assuming a total mortality equal to the age-specific average. The penalty 

imposed on annual recruitment, ܴ݊݁, prevents the coefficient of variation for the log 
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recruitment of any species from becoming greater than a pre-defined threshold value. The 

threshold values for cod, silver hake and herring were set at 1, 0.7 and 0.4, respectively. 

 the penalty imposed on age-specific biomasses, prevents any age-specific biomass ,݊݁ܤ

from falling below a pre-defined threshold of ten kilograms. The weights for each of 

these penalties, ܲݐݓ ோݐݓܲ ,  and ܲݐݓ , and their corresponding threshold values were 

selected iteratively. 

Monte Carlo simulations 

Parameter estimates from the three-species model best fit were used to create a 

known simulation dataset without error. Measurement errors of varying magnitudes were 

then added sequentially to each of the three datasets (commercial catches, survey catches 

and predator diet) to evaluate the sensitivity of predicted indices, including recruitment, 

predation mortality and fishing mortality, to increasing observation error.  In all 

simulations, initial parameter values were set to the final parameter estimates from the 

single-species runs. 

Random multiplicative errors were added to both total annual survey and 

commercial catches following Collie and Kruse (1998), with standard deviations of 0.2, 

0.4, 0.6, and 0.8. Multinomial errors were added to catch-age proportions and predator 

food habits assuming known effective sample sizes.  When measurement error was added 

to either commercial or survey catch datasets, errors were added simultaneously to both 

annual total catches and age proportions. The standard deviations for lognormal 

multiplicative errors and sample sizes for the random multinomial draws were chosen to 

achieve approximately the same percent difference between observed and true catches.  

Accordingly, effective sample sizes of 500, 75, 40 and 20 were chosen for commercial 
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catch age proportions, 1000, 200, 100 and 60 for survey age proportions, and 2500, 500, 

100, 50 and 10 for predator food habits.  As the multinomial effective sample size 

decreases, the magnitude of measurement error incorporated into the proportions 

increases.   

Preliminary simulations tested the stability of parameter estimates and their 

variances in relation to the number of replicates.  Analysis of trends in 95th percentiles 

and scaled root mean squared error over time indicated that both measures generally 

achieved stable values at approximately 200-300 simulations (Fig. S1).  Based on these 

preliminary results, 400 randomizations were completed for each error level. 

In an effort to more fully portray the magnitude of error present in the input data, 

measurement error was simultaneously incorporated into all three datasets in levels 

comparable to the standard deviations of the residuals of the best model fit. Total 

commercial and survey catch standard deviations for lognormal errors were set to 0.1 and 

0.4, respectively. Multinomial effective sample sizes for commercial catch age 

proportions, survey catch age proportions and predator diet were set to 1000, 200 and 10. 

For this simulation, 500 randomizations were conducted.  Scaled mean error and 

coefficient of variation were used to quantify resulting parameter bias and precision, 

respectively (Walther and Moore 2005). 

 

RESULTS 

Model fitting 

We compare single-species and multispecies fits to examine both the consistencies 

and points of deviations between the two approaches.  These model fits are compared to 
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the observed data and predicted indices from recent stock assessments.  The assessment 

predicted indices are not considered to be truth, but instead a starting point for the catch-

at-age models presented here. 

In both formulations, single- and multi-species predicted total annual commercial 

catch closely followed observed catches with only minor differences apparent between 

runs (Fig. 1a). Total annual survey catch also followed temporal trends in the observed 

time series, but greater interannual variability was apparent (Fig. 1b). For both 

commercial and survey age proportions, the predicted trends captured much of the 

apparent interannual variability. However, both formulations predicted an accumulation 

of biomass in the older age classes of cod and silver hake during the end of the time 

series that was inconsistent with the observed age proportions (Fig. S2 – Fig. S7). 

The objective-function weightings for each dataset were selected iteratively to 

reflect prespecified coefficient of variations for lognormal variables and calculated 

effective sample sizes for multinomial variables (Table S1).  The resulting standard 

deviations of total commercial catch residuals across both model formulations ranged 

from 0.04 - 0.11, whereas those for total survey catch ranged from 0.34 - 0.56 (Table S2).  

Contributions of each dataset to the objective function further indicated a better fit to 

commercial catches than to trawl-survey catches (Table 4).  Multinomial dataset 

weightings approximated average effective sample sizes over the time series (Fig. S8 – 

Fig. S10).  Across all runs, the maximum observed correlation between parameter pairs 

was 0.80. 

Agreement among models in predicted total annual abundance varied across species 

(Fig. 2a). For cod, both single-species and multispecies predictions closely matched the 
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decline in total abundance estimated in the single-species stock assessment. For silver 

hake and herring, total abundance estimated from the multispecies model was generally 

greater than that estimated from the single-species run. For herring, both multispecies and 

single-species predictions were the same order of magnitude as that predicted by the 

assessment; predicted abundance increased and peaked between 1995 and 2003. In the 

case of silver hake, total abundance estimated with both model formulations consistently 

exceeded estimates of minimum swept biomass from the trawl surveys.  Silver hake 

abundance varied without a clear trend, with peaks in the 1980s and 2000s. For all 

species, trends in predicted recruitment for both model formulations generally followed 

the same trends as total annual abundance (Fig. 2b). 

As expected, the single-species models generally produced higher estimates of fully 

recruited fishing mortality rates than the multispecies models (Fig. 2c). For cod, fishing 

mortality estimated in both the single- and multi-species models closely followed the 

rates estimated in the assessment. In the beginning of the time series, both models 

consistently predicted higher fishing mortality rates than those of the assessment, while 

both models predicted consistently lower rates during the latter half of the time series. 

For herring, the trends in fishing mortality predicted by the assessment drastically 

differed from those predicted using both catch-at-age models. The VPA conducted during 

the herring stock assessment predicted a decline in fishing mortality over the time series, 

while the results of both the single- and multi-species catch-at-age models developed here 

predicted a strong increase in fishing mortality. 

Estimated predation mortality (M2) varied across species, prey age, and time (Fig. 

3a). Predation mortality only represented a maximum of 15% of total morality for cod 
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(Fig. 3b) and declined in parallel with cod abundance (as associated with cannibalism).  

For silver hake and herring, however, predation accounted for as much as 91% of total 

mortality.  As with cod, silver hake M2 mirrored the pattern of silver hake abundance.  By 

contrast, herring M2 was high but declined over time as herring abundance increased.  

For cod and silver hake, predation mortality decreased with increasing age, whereas 

herring M2 increased from age-1 to age-2, beyond which it decreased with age.    

For silver hake, predation mortality constituted a substantial proportion of total 

mortality even for the oldest age classes. In this multispecies model, predation size-

selectivity is dictated by predator size-preference coefficients, which were empirically 

calculated from observed predator and prey lengths. Across the time series, the dominant 

source of silver hake predation was cannibalism (Fig. 3c). Accordingly, the size-

preference parameters for silver hake cannibalism can provide insight as to the source of 

these large predation mortality rates on older age classes. In particular, the large 

estimated variance in the observed predator-prey weight ratio (σ) resulted in a wide 

distribution of silver hake size preference (Table 5). 

Sensitivity runs were conducted to investigate the influence of this variance term on 

silver hake size preference. Reducing this variance by either one-half or by an order of 

magnitude caused a substantial decline in the width of the silver hake size-preference 

curve and an increase in the silver hake-silver hake species-preference coefficient (). 

However, it also caused an unrealistically large increase in both silver hake recruitment 

and age-1 predation mortality near the end of the time series. Consequently, the original 

scenario was selected as the final run.   
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The principle predator varied among prey species (Fig. 3c). While the dominant 

sources of both silver hake and Atlantic cod predation were cannibalism (cod is only prey 

to itself in this submodel), the dominant predator of herring was cod even though cod 

abundance exhibited a precipitous decline. For both silver hake and herring, the 

proportion consumed by cod declined in the last decade, as expected from cod's estimated 

abundance.  Estimated species-preference coefficients indicated that relative to other 

food, cod had a high preference for herring, a moderate preference for silver hake, and a 

low preference for cannibalism (Table 5).  Furthermore, the coefficient for cod 

cannibalism was highly uncertain, as indicated by the large corresponding standard 

deviation.  By contrast, silver hake had a higher preference for cannibalism than for 

herring.  Predicted diets indicated an underestimation in the proportion of modeled fish 

species in predator diets.  In the case of cod, the model overestimated cod consumption of 

herring relative to silver hake (Fig. S11 – Fig. S14). 

Increasing the food-habits objective-function weighting moderately impacted trends 

in the dominant predator for each prey species but minimally impacted other predictions 

including recruitment, fishing mortality and predator diet.  An increase in this objective-

function weighting minimally influenced rates of predation, resulitng in a 5.7% increase 

in the maximum observed M2 for silver hake and a 3.9% increase in that for herring.  

While predation mortality rates were robust to the food-habits dataset weighting, the 

weighting influenced estimated species-preference coefficients.  As the weighting 

increased, cod’s preference for cannibalism decreased, its preference for silver hake 

increased and its preference for herring slightly decreased.  Likewise, the increased 

weighting resulted in a decreased preference for silver hake cannibalism and an increased 
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silver hake preference for herring.  These changes in species-preference coefficients 

resulted in enhanced roles of both cod as a predator to silver hake, and silver hake as a 

predator to herring.  However, increasing the food-habits objective-function weighting 

also resulted in convergence errors and an overestimation of effective sample size; 

therefore, the original objective-function weighting was selected for the final run.  

A sensitivity run was also conducted to examine the impact of a reduction in 

assumed total ecosystem biomass on estimated predation mortality rates and species-

preference coefficients.  Reducing ecosystem biomass to approximately one-half its 

original estimate had a negligible impact on estimated recruitment, total annual 

abundance, predicted predator diets, and rates of predation.  For any species or age class, 

the maximum percent difference in predicted recruitment, total abundance and M2 

beween runs was 0.53%, 0.59%, and 3.49%, respectively.  In contrast, estimated species-

preference coefficients decreased by 51-53% due to the definition of these coefficients as 

predator preference relative to other food. 

Monte Carlo simulations 

In general, the parameters of the multispecies model could be estimated, even with 

substantial levels of simulated error.  As expected, the uncertainty in predicted indices 

such as recruitment and fishing mortality increased with increased measurement error in 

commercial catches, survey catches, and food-habits data.  

At low measurement error levels (ߪ  0.4), errors introduced into commercial 

catches resulted in greater uncertainty in predicted fishing mortality rates than 

corresponding levels of error in survey catches (Fig. 4a, Fig. 4b).  However, at higher 
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error levels (ߪ ൌ 0.6	to	0.8) the model could not fully resolve fishing mortality rates of 

the prey species when error was introduced into the survey dataset (Fig. S15). 

Across all levels of measurement error, errors in commercial catches resulted in less 

uncertainty in predicted recruitment than errors in survey catches (Fig. 5a, Fig. 5b). For 

survey catch errors, recruitment estimation, particularly at the end of the time series, 

began to break down at an error level of 0.4. With error in the commercial catch, all error 

levels produced reasonable, yet increasingly uncertain recruitment estimates for cod and 

herring (Fig. 5a, Fig. S16). However for silver hake, recruitment estimation broke down 

at an intermediate error level of 0.6.  

Similar to recruitment, estimated predation mortalities were more sensitive to 

measurement error in survey catches than in the commercial catch (Fig. 6a, Fig. 6b). For 

both data sources, parameter uncertainty increased substantially at a measurement error 

level of 0.6. For the trawl-survey dataset, an error level of 0.8 resulted in age-1 predation 

mortalities greater than 3.0 for both silver hake and herring. Across all estimated 

parameters and levels of measurement error, error in predator diets had the least effect on 

parameter estimates (Fig. 5 -Fig. 7).  Species-preference coefficients were quite sensitive 

to measurement errors in both survey and commerical catches (Fig. S17).  Across all 

sources of measurement error, the species-preference coefficient for cod cannibalism was 

the most sensitive to errors in the input data. 

With measurement error added to all three data sources in levels comparable to the 

standard deviations of the residuals of the best model fit (Table S2), the model produced 

reasonable estimates for most parameters (Fig. 7). Notable exceptions included the 

annual recruitment of both silver hake and herring near the end of the time series (Fig. 
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7a), where some runs predicted a large increase in recruitment that was not apparent in 

the observed time series. Across all years, silver hake recruitment estimates were quite 

uncertain, where the width of the 95th percentiles was approximately twice as large as the 

magnitude of the true recruitment level and the annual CV ranged from 33.6 to 156.6% 

(Table 6). However, the medians were within approximately 20% of the true recruitment 

values.  For herring, predicted recruitment exhibited an average CV of 34.3% until the 

final year of the time series where jumped it to 196% (Table 6, Fig. 7a).  Similarly, 

uncertainty in predicted fishing mortality increased substantially in the last three years 

(Fig. 7b), further indicating that the model was unable to fully resolve herring dynamics 

at the end of the time series.  

For all three species, this model overestimated age-1 predation mortality (Fig. 7c).  

This overestimation was most severe for cod M2, which exhibited a scaled mean error 

ranging from 1.47 to 1.87 and an average annual CV exceeding 120% (Table 6).  Taken 

together with the large standard deviation of the cod cannibalism species-preference 

coefficient and the high sensitivity of this coefificent to measurement error in the input 

datasets, this overestimation in cod M2 further demonstrates the uncertainty in the extent 

of cod cannibalism. 

 

DISCUSSION 

The multispecies model fit the observed data as well as the individual single-species 

age-structured models, but differed in the estimated levels of abundance, fishing 

mortality, and natural mortality.  The differences among the multispecies, single-species, 

and stock-assessment model results can be interpreted with respect to the trophic role of 
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the species.  Like previous modeling efforts (Collie and Delong 1999, Tsou and Collie 

2001a, Overholtz et al. 2008, Tyrrell et al. 2008), our results demonstrate temporal and 

ontogenetic variation in total natural mortality and the strong influence of predation on 

community dynamics.  Abundance patterns predicted in the multispecies formulation 

result from the interplay between fishing and predation mortality.   

In the case of Atlantic cod, the close consistency in abundance predictions across 

the three outputs is due to cod’s primary role as a predator species in the model; the effect 

of predation is minimal.  In this sub-model, cod is only a prey species to itself through 

cannibalism and the estimated species-preference coefficient indicates a low preference 

towards cannibalism.  Furthermore, with predicted age-specific predation mortality rates 

less than 0.04 and constituting a maximum of 15% of total mortality, cod’s total natural 

mortality rate was effectively constant between model formulations.  Therefore the 

decline in cod abundance was driven by fishing mortality.  

For silver hake the difference in magnitude between model and survey-based 

abundance estimates occurs because the latter estimate is based on the area swept by the 

trawl survey and therefore represents a minimum estimate that does not take into account 

species catchability.  Furthermore, total abundance estimated from the multispecies run 

was considerably larger than that estimated from the single-species run. The dominant 

role of silver hake as prey of cod and silver hake resulted in the greater predicted 

abundance of the multispecies formulation, even though residual natural mortality was 

lower in the multispecies run.  The decline in silver hake abundance during the late 1990s 

corresponded with a period of high fishing mortality.  Predation mortality was higher 

during the abundance peaks in the 1980s and 2000s. 
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Predicted recruitment and total annual abundance of herring from the single- and 

multi-species models roughly follow the trends of the single-species stock assessment.  

Total abundance estimated from the multispecies run was somewhat greater than that 

estimated from the single-species run, which again reflects the trophic role of herring as 

prey of cod and silver hake.  In an application of MSVPA-X on the Northeast US 

Continental Shelf evaluating the influence of predation on forage species, both age-

specific and total annual predicted abundance was greater in the multispecies VPA than 

in the single-species formulation (Tyrrell et al. 2008).  The peak in herring abundance in 

the late 1990s corresponds to lower predation mortality from cod; the decline in herring 

abundance since 2003 can be explained by increased fishing mortality. 

Similarly for fishing mortality, the consistency between cod fishing mortality rates 

estimated by the single- and multi-species models is due to the low levels of predation 

experienced by the species.  With these low predation rates and therefore similar total 

natural mortality rates, fishing mortality is the primary factor driving cod population 

dynamics in both formulations.  The retrospective pattern observed between the single-

species and stock assessment predictions is likely an artifact of the varying assumptions 

made between this statistical catch-at-age model and the VPA conducted for the single- 

species assessment.  In the VPA, the time series was split in 1994 (NEFSC 2008); 

however, we assumed one continuous time series with one selectivity ogive.   

For herring and silver hake, the multispecies predicted fishing mortality was 

consistently lower than the single-species estimate, with the substantial predation 

mortality rates resulting in a smaller contribution of fishing to the total mortality 

experienced.  For these species both predation and fishing drive their population 
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dynamics.  The added losses experienced by prey species due to predation help to explain 

the differences in fishing mortality and abundance estimates between the single-species 

and multispecies formulations.  A greater species abundance, and therefore, a smaller 

imposed fishing mortality, was needed to account for the predation losses incurred.  This 

result is consistent with those of other multispecies modeling efforts (Overholtz et al. 

2008, Tyrrell et al. 2008, Moustahfid et al. 2009). 

Furthermore, for Atlantic herring, the drastic difference in temporal trend between 

the fishing mortality predicted in the assessment and that predicted using both catch-at-

age models may be a function of assumptions regarding stock dynamics.  The stock 

assessment assumes a stock complex spanning both Georges Bank and the Gulf of Maine 

(Shepherd et al. 2009), while the results from the catch-at-age models are based on 

commercial catches from Georges Bank alone.  Our assumption that a constant 

proportion of the stock is found on Georges Bank could have potentially biased the 

results.  Furthermore, the large difference in predicted fishing mortality between the 

assessment and both catch-at-age models could be a reflection of differences in the 

dynamics of the Georges Bank versus Gulf of Maine populations.  Previous work has 

indicated that the Georges Bank component of the stock complex exhibited both a more 

precipitous decline in abundance than that of the Gulf of Maine, as well as a more recent 

recovery (Overholtz and Friedland 2002).  

Regardless, trends in age-specific predation mortality indicate that the losses due to 

predation vary substantially over both age and time.  Consequentially, models that 

assume a time- and/or age- invariant total natural mortality do not fully capture the 

dynamics of the population.  Increased biological realism however, can result in 
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increased uncertainty in parameter estimation, indicated here by the uncertainty in some 

of the species-preference coefficients, particularly that for cod cannibalism. 

The magnitude of predation mortality experienced by the model’s two primary prey 

species is substantial.  Silver hake and herring both experience predation mortality rates 

exceeding 0.8; two and four times, respectively, the natural mortality rate assumed in the 

single-species stock assessments.  The estimated predation rates constitute 70-80% of the 

total mortality imposed on these two species, indicating the importance of predation in 

controlling the population dynamics of the prey species in this model.  This increased 

total natural mortality reduces the influence of fishing on the species’ population 

dynamics and projections for future fisheries yield. 

Other multispecies models constructed for the northeast U.S. indicate similar rates 

of predation.  Tsou and Collie (2001a), in an MSVPA constructed for Georges Bank, 

estimated predation mortality rates between 0.003 – 0.3 for cod, 0.13 – 1.6 for silver hake 

and 0.06 – 0.75 for herring.  Likewise, in an MSVPA-X of the Northeast US Continental 

Shelf, Tyrell et al. (2008) estimated average age-0 and age-1 herring predation mortality 

between 0.94 – 3.2.  Together these studies further support the importance of predation in 

prey population dynamics.  However, age-specific rates of predation may change once 

the model presented here is expanded to include additional fish species on Georges Bank. 

We assumed that the empirical average (ߟ) predator-prey weight ratio and variance 

 reflected the preferred ratio and variance because prey lengths were only available for (ߪ)

a subset of the food-habits data.  While our empirical weight ratios are similar to those 

estimated for cod and silver hake in the Georges Bank (Tsou and Collie 2001a) and North 

Sea (Gislason and Helgason 1985) MSVPA applications, some of our variance terms are 
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greater than those either estimated or assumed in other MSVPA applications (Gislason 

and Helgason 1985, Van Kirk 2008).  This increased variance is particularly apparent for 

silver hake cannibalism, resulting in a wide range of consumed prey sizes as well as a 

possibility, albeit small, that individuals consume prey larger than themselves. This large 

variance estimate did not appear to be related to sample size (n = 743 and represented the 

largest sample size of any species interaction).  Regardless, these high  estimates 

resulted in wide ranges of consumed prey sizes and consequently enhanced predation 

mortality rates of the oldest age-classes.  As in previous studies (Andersen and Ursin 

1977, Helgason and Gislason 1979) we assumed a lognormal size selectivity function, 

which is symmetric on a log scale.  Some authors have used asymmetric functions, which 

allow predators to eat prey much smaller but not larger than themselves (Tsou and Collie 

2001a, Lewy and Vinther 2004).  These asymmetric size-preference curves could be 

considered in future applications. 

The majority of silver hake predation is due to cannibalism, indicating strong 

density dependence.  This result is supported by previous modeling efforts, which 

indicated that cannibalism accounted for as much as 50 to 80% of silver hake predation 

(Tsou and Collie 2001a, Link et al. 2012).   For herring, however, cod is the principle 

predator across the time series in this model, in contrast to previous MSVPA studies.  

Tyrell et al (2008) showed that the most important predators for herring were silver hake, 

white hake, summer flounder and goosefish.  Likewise, while Tsou and Collie (2001a) 

indicated that both cod and silver hake were predators of herring, silver hake was 

responsible for 50 to 90% of herring consumed biomass.  The dominance of cod as 

herring’s top predator in this model is in part due to the effective sample size of the food-
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habits data and the resulting objective-function weighting assigned to the dataset.  While 

increasing the food-habits weighting increased silver hake consumption of herring, silver 

hake still exhibited a higher preference for cannibalism than herring, and cod maintained 

its preference for herring over silver hake.  Furthermore, the emergence of convergence 

errors and overestimation of food-habits effective sample size ultimately prohibited its 

use as the final run.  

The food-habits data contain important information needed to quantify predation 

mortality.  However as a result of the small effective sample size of the diet data, most of 

the statistical power for parameter estimation originates from the commercial and survey 

catch datasets.  Due to the large interannual variability apparent in the trawl-survey data 

as a consequence of changes in availability to the survey gear (Overholtz et al. 1999), 

commercial catch data were assigned the greatest dataset weighting and exhibited the 

smallest resulting CV.  The use of annual food-habits data, in contrast to binning data 

over five-year intervals, may have produced a greater effective sample size; yet in doing 

so, the model would have tried to capture the large variability inherent of food-habits data 

and not necessarily true changes in predation (Van Kirk et al. 2010).  On the other hand 

assuming time-invariant predator diets would have ignored true changes in prey 

availability and predation rates over the time series.  Accordingly, averaging over 5-year 

blocks served as a compromise.   

As a result of the large variability in the observed food-habits data, predicted 

predator diets exhibited only small changes with increases in the food-habits objective-

function weighting.  This result indicated that the model was unable to fully capture 

trends in diet even when it was given more power to fit the observed data.  This pattern 
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may change if more species, especially prey, were included in the model.  While the 

magnitude of the species interactions was uncertain (as indicated by the underestimated 

proportion of modeled fish species in predator diets and the overestimated role of cod as 

a predator to herring) the model produced robust estimates of predation mortality rates.  It 

is the estimation of these losses due to predation that are arguably the most critical aspect 

to the incorporation of ecological interactions into stock assessments.   

A key benefit of the statistical multispecies model, compared with MSVPA, is the 

statistical estimation of model parameters and the recognition that observed datasets 

contain measurement error.  A potential drawback of multispecies statistical models is the 

necessity of simultaneously estimating numerous parameters for each species as well as 

the predation parameters that define the interactions among species (Van Kirk et al. 

2010).  With Monte Carlo simulations, we evaluated robustness in parameter estimation 

to predetermined levels of measurement error in the three input datasets.  We note that 

these simulations address the influence of observation error but do not consider structural 

uncertainty of the underlying model.  The consequence of structural uncertainty, for 

example, through fitting single-species models to simulated multispecies data, could be 

examined in future simulation analyses.    

As expected, uncertainty in the predicted indices increased with increasing levels of 

measurement error in commercial catch, survey catch and food-habits time series.  

Uncertainty in fishing mortality was most sensitive to increasing commercial catch 

measurement errors, whereas uncertainty in recruitment and predation mortality was most 

sensitive to increased survey catch measurement error.  These results demonstrate the 

importance of both datasets to the estimation of population parameters.  Across all 
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predicted indices, estimates were most robust to increased uncertainty in predator 

stomach contents.  This finding was presumably due to the low effective sample size and 

resulting small objective-function weighting for the food-habits data. 

While the model began to fail at high levels of measurement error, parameters of 

the multispecies model were estimable from data simulated with levels of error 

comparable to those in the observed data.  The multispecies model was able to 

reconstruct the true underlying trends in predation mortality. Furthermore, while 

uncertainty in the resulting parameter estimates was apparent, the median estimates were 

not substantially biased. The small positive bias in estimated silver hake and herring 

predation mortality rates could arise from the approximation used to calculate M2.  For 

cod, the more substantial positive bias likely results from the underlying uncertainty in 

the extent of cod cannibalism.  The Monte Carlo simulations enhance our confidence in 

the performance of the statistical model, even with the increased complexity in parameter 

estimation inherent in the multispecies framework. 

Through the development of a statistical catch-at-age model, we have expanded the 

multispecies modeling approaches implemented for Georges Bank and the Northeast U.S. 

Continental Shelf.  Building upon previous efforts, we have demonstrated that 

multispecies models can be fit statistically to time series of catch, abundance and diet 

data.  Monte Carlo simulations indicated that parameter estimation is robust, and 

successful when input data contain measurement errors similar to those levels found in 

the observed datasets.  The ability to estimate the uncertainty associated with the results 

of statistical, multispecies, age-structured models should make them useful tools for 

furthering ecosystem-based fisheries management. 
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Table 1: Symbols used in model formulations. 

Symbol  Description (units)  

݅  Species or prey species  

ܽ  Age or prey age (year)  

݆  Predator species  

ܾ  Predator age (year)  

 ݐ  Year 

ܰ,,௧  Abundance-at-age in beginning of year (10 fish)  

ܹ,,௧  Average individual weight-at-age (kg)  

  ,,௧  Biomass-at-age (10 kg)ܤ

ܼ,,௧  Instantaneous total mortality-at-age (yr ିଵ)  

   Instantaneous natural mortality (age and time invariant)ܯ

 1  Instantaneous residual natural mortality (age and time invariant)ܯ

 2,,௧ܯ  Instantaneous predation mortality-at-age (yr ିଵ) 

,,௧  Instantaneous fishing mortality-at-age (yrܨ ିଵ)  

  ,  Fishery selectivity-at-ageݏ

 ,,௧  Commercial catch-at-age (10 fish)ܥ

  ,,௧  Fishery independent (survey) catch (number/tow)ܥܫܨ

  ,  Survey selectivity-at-ageݎ

 ݍ  Survey catchability (age and time invariant) 

  ,  Preferred predator-to-prey weight ratioߟ

݉   Month in which the trawl survey is conducted 

  ,  Variance in predator-to-prey weight ratioߪ

݃,ୟ,,,௧  Predator size preference  

  ,  Prey species preferenceߩ

  ,ୟ,,,௧  Prey suitabilityߥ

 ,ୟ,,,௧ߥ  Scaled prey suitability (scaled across prey species) 

߶,ୟ,,,௧  Available prey biomass (10 kg)  

 ܤܿܧ  Total ecosystem biomass (10 kg) 

 ݎ݄݁ݐܱ  Other food 

 ௧,௧ܤ  Total biomass of other food (10 kg)  

ܵ,ୟ,,,௧   Weight of prey ݅, ܽ  in the stomach of predator ݆, ܾ (10 kg) 

 ,ܤܥ  Consumption-to-biomass ratio (time invariant) 

݂ܧ ܰ,௧   Effective sample size 

ܲ,,௧   Proportion-at-age 
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 Table 1, contd.: Symbols used in model formulations. 

Symbol  Description (units)  

 Dataset index  ܫ

ூܮܮ    Log likelihood of dataset ܫ 

 ܫ ூ  Objective function weighting for datasetܦ

 Total commercial catch in weight (10ଷ mt)  ܥܶ

ܶܵ   Total survey catch (number/tow)  

  Commercial catch age proportions  ܲܥ

ܵܲ  Survey catch age proportions  

  Food habits proportions (proportion by weight)  ܪܨ

ܲ݁݊    Total likelihood penalty for each species 

 ݐݓܲ  Objective function weighting for penalty  

  Initial abundance, ܰ,,ଵ, penalty  ܻ݊݁

  Recruitment penalty  ܴ݊݁

  Age-specific biomass penalty  ݊݁ܤ

Yr1   Initial abundances predicted from exponential decay  

  Threshold value for the CV of log recruitment  ݏ݁ݎ݄ݐܴ

  Threshold value for age-specific biomass  ݏ݁ݎ݄ݐܤ
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Table 2: Single-species equations from Quinn and Deriso (1999). Symbols are defined in 
Table 1. 

Equation  Description  

 ܰ,ାଵ,௧ାଵ ൌ ܰ,,௧ ⋅ ݁ି,ೌ, Abundance-at-age: 2  ܽ ൏   ሺܽሻݔܽ݉

 ܰ,,௧ାଵ ൌ ܰ,ିଵ,௧ ⋅ ݁ି,ೌషభ,  ܰ,,௧ ⋅ ݁ି,,௧ Abundance-at-age: ܽ ൌ   ሺܽሻݔܽ݉

,,௧ܥ  ൌ
ி,ೌ,
,ೌ,

ܰ,,௧ሺ1 െ ݁ି,ೌ,ሻ Catch-at-age  

,,௧ܨ  ൌ   ,௧ Fishing mortality-at-ageܨ,ݏ

   



 

44 
 

Table 3: Components of the likelihood function where ܫ represents a dataset index, ܦூ the 
corresponding objective function weighting, ܮܮூ the log likelihood for dataset ܫ, ܲ݁݊ the 
total likelihood penalty for each species, and ܲݐݓ the objective function weighting for 

penalty  .   All additional symbols are defined Table 1. 

Equation  Description  

௧்ܮܮ  ൌ ்ܮܮ  ௌ்ܮܮ  ܮܮ  ௌܮܮ  ிுܮܮ  ∑ ܲ݁݊ Total log likelihood  

ூܮܮ  ൌ ூܦ ⋅ ∑ 	௧,, ൫݈݊ሺܫ  10ିଷሻ െ ݈݊ሺܫመ  10ିଷሻ൯
ଶ
 Lognormal distribution  

ூܮܮ  ൌ ூܦ ⋅ ∑ 	௧,, ൫ܫ  10ିଷ ⋅ ݈݊ሺܫመ  10ିଷሻ൯ Multinomial distribution  

 ܲ݁݊ ൌ ݐݓܲ ⋅ ܻ݊݁  ோݐݓܲ ⋅ ܴ݊݁  ݐݓܲ ⋅    Total penalty݊݁ܤ

ܻ݊݁  ൌ ∑ 	 ൫ ܰ,,ଵ െ 1,,ଵ൯ݎܻ
ଶ
 Initial abundance penalty  

ܴ݊݁  ൌ 0.01 ⋅ ൫ܸܥሺ ܰ,ଵ,௧ሻ െ ൯ݏ݁ݎ݄ݐܴ
ଶ
 Recruitment penalty  

݊݁ܤ  ൌ ∑ 	,௧ 0.01 ⋅ ൫ܤ,௧, െ ൯ݏ݁ݎ݄ݐܤ
ଶ
 Biomass penalty  
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Table 4: The contributions of each objective function component in both the single-
species and multispecies models.  The abundance penalty constrains the age distribution 
in the initial year; the recruitment penalty constrains the CV of estimated recruitment 
each year (Table 3).  

Cod Silver hake Herring Cod Silver hake Herring

Total commercial 
catch 27.24 71.08 6.80 29.45 28.59 3.16

Total survey catch 464.12 441.05 896.28 459.03 328.88 456.82

Comm. age 
proportions 96.66 130.49 2.89 100.88 150.20 3.46

Survey age 
proportions 149.13 292.73 595.15 156.20 341.63 718.93

Food habits NA NA NA 146.22 66.51 0

Abundance penalty 0 0 0 0 0 0.53

Recruitment penalty 0 0 0.24 0 0 0

Single species Multispecies
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Table 5: Average predator-prey weight ratios (ߟ), the variance in each ratio (ߪ), estimated 
species preference coefficients (ln ߩ) and their associated standard deviations for each 
species interaction. Parameters ߟ and ߪ were calculated from observed predator and prey 
lengths.  Parameter ߩ was estimated as a model parameter in log space. 

Prey species

Predator species Cod SilverHake Herring

Cod 4.159 4.833 3.996

SilverHake NA 3.946 2.261

Cod 2.259 1.875 1.433

SilverHake NA 2.979 1.093

Cod 0.618(0.889) 1.549(0.171) 3.255(0.048)

SilverHake NA 5.396(0.029) 3.223(0.155)

η

σ

ln(ρ)
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Table 6: The range of scaled mean error (SME) and coefficient of variation (CV) values 
across years for predicted annual fishing mortality (F), recruitment, and age-1 predation 
mortality (M2) from the simulation in which measurement error was incorporated into all 
three datasets. 

Parameter Measure Cod Silver Hake Herring

F SME -0.04 - -0.01 -0.07 - 0.02    0.03 - 0.19

CV   9.03 - 30.62 15.49 - 25.58        9.4 - 49.07

Recruitment SME 0.01 - 0.25 0.26 - 0.74 0.07 - 1.4

CV 14.74 - 88.87   33.57 - 156.65     22.23 - 196.72

Age-1 M2 SME 1.47 - 1.87 0.12 - 0.25   0.14 - 0.56

CV 122.39 - 136.68 11.75 - 33.37   10.84 - 43.67  
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Fig. 1: Observed (open circles) and predicted total annual a) commercial catch and b) 
survey catch from the single-species (dashed line) and multispecies (solid line) runs. 
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Fig. 2: Comparison of predicted annual a) total abundance, b) recruitment and c) fishing 
mortality from the single-species run (dashed line), multispecies run (solid line) and the 
most recent stock assessment (points).  For silver hake total abundance and recruitment, 
absolute estimates were not available; therefore the points represent minimum swept area 
estimates that do not incorporate catchability. 
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Fig. 3: For each prey species, the a) age-specific predation mortality, M2, b) proportion of 
total mortality, Z, due to predation, and c) the predator species responsible for the 
observed predation.  
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Fig. 4: 95th percentiles for estimated annual fishing mortality rate when low 
measurement error levels were introduced into a) commercial catches, b) survey catches, 
and c) predator diets. For commercial and survey catches, error levels represent the 
standard deviations of the multiplicative errors incorporated into total annual catches. For 
food habits data, error levels represent the number of draws from a multinomial 
distribution where measurement error increases as effective sample size decreases.  In all 
plots, the solid line represents the true parameter values. 
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Fig. 5: 95th percentiles for estimated annual recruitment when low measurement error 
levels were introduced into a) commercial catches, b) survey catches, and c) predator 
diets. For commercial and survey catches, error levels represent the standard deviations 
of the multiplicative errors incorporated into total annual catches. For food habits data, 
error levels represent the number of draws from a multinomial distribution where 
measurement error increases as effective sample size decreases. In all plots, the solid line 
represents the true parameter values. 
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Fig. 6: 95th percentiles for estimated age-1 predation mortality when all measurement 
error levels were introduced into a) commercial catches, b) survey catches, and c) 
predator diets. For commercial and survey catches, error levels represent the standard 
deviations of the multiplicative errors incorporated into total annual catches. For food 
habits data, error levels represent the number of draws from a multinomial distribution 
where measurement error increases as effective sample size decreases. In all plots, the 
solid line represents the true parameter values. 
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Fig. 7: 95th percentiles (dashed lines), median (dotted line) and true (solid line) annual 
recruitment (a), annual fully recruited fishing mortality (b), and age-1 predation mortality 
rates (c) for the simulation where measurement error was incorporated into all three 
datasets. 
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SUPPLEMENTAL MATERIAL 

Table S1: The weightings for each dataset included in both the single species (ssp) and 
multispecies (msp) models.  Weightings of zero indicate that the dataset was not used in 
parameter estimation. 

Cod Silver hake Herring Cod Silver hake Herring

Total commercial 
catch

150 200 75 150 250 75

Total spring survey 
catch

0 0 100 0 0 100

Total fall survey 
catch

75 100 0 75 100 0

Comm. age 
proportions

50 50 1 50 50 1

Spring survey age 
proportions

0 0 50 0 0 50

Fall survey age 
proportions

50 50 0 50 50 0

Food habits NA NA NA 10 10 10

Single species Multispecies
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Table S2: The standard deviation of the residuals for each dataset included in both the 
single species (ssp) and multispecies (msp) models.  NA’s represent datasets that were 
not used in the objective function for a particular species. 

Cod Silver hake Herring Cod Silver hake Herring

Total commercial 
catch

0.079 0.111 0.056 0.082 0.063 0.038

Total spring survey 
catch

NA NA 0.556 NA NA 0.397

Total fall survey 
catch

0.462 0.390 NA 0.459 0.337 NA

Comm. age 
proportions

0.141 0.161 0.233 0.144 0.164 0.262

Spring survey age 
proportions

NA NA 0.291 NA NA 0.347

Fall survey age 
proportions

0.164 0.217 NA 0.166 0.222 NA

Food habits NA NA NA 0.305 0.264 NA

Single species Multispecies

 

   



 

57 
 

 
 

Fig. S1: Trends in the 95th percentiles (dashed blue lines) and medians (dotted green 
lines) of a) total abundance, b) fully recruited fishing mortality, and c) recruitment of 
each species in the 17th simulation year with increasing number of simulations.  In all 
plots, the solid orange line represents the true parameter value.  Similar trends were 
apparent for other simulation years. 
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Fig. S2: Atlantic cod observed (open circles) and predicted proportions-at-age of the 
commercial catch from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
   

1978 1988 1998 2008

0

0.04

0.08

Age 1

1978 1988 1998 2008

0

0.2

0.4

0.6

Age 2

1978 1988 1998 2008

0

0.2

0.4

0.6

Age 3

1978 1988 1998 2008

0

0.2

0.4

Age 4

1978 1988 1998 2008

0

0.1

0.2

0.3

Age 5

1978 1988 1998 2008

0

0.1

Age 6

1978 1988 1998 2008

0

0.04

Age 7

1978 1988 1998 2008

0

0.02

0.04

Age 8

1978 1988 1998 2008

0

0.01

0.02

0.03
Age 9

1978 1988 1998 2008

0

0.01

Age 10

Year

P
ro

po
rt

io
n 

at
 a

ge



 

59 
 

 

Fig. S3: Silver hake observed (open circles) and predicted proportions-at-age of the 
commercial catch from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
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Fig. S4: Atlantic herring observed (open circles) and predicted proportions-at-age of the 
commercial catch from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
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Fig. S5: Atlantic cod observed (open circles) and predicted proportions-at-age of the 
autumn trawl survey from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
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Fig. S6: Silver hake observed (open circles) and predicted proportions-at-age of the 
autumn trawl survey from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
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Fig. S7: Atlantic herring observed (open circles) and predicted proportions-at-age of the 
spring trawl survey from the single-species (blue dashed line) and multispecies (orange 
solid line) runs. 
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Fig. S8: Annual calculated effective sample size (open circles) for the proportions-at-age 
of the commercial catch in the a) single-species and b) multispecies formulations.  The 
solid lines represent the dataset weightings used in the objective function. 
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Fig. S9: Annual calculated effective sample size (open circles) for the proportions-at-age 
of the survey catch in the a) single-species and b) multispecies formulations.  The solid 
lines represent the dataset weightings used in the objective function. 
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Fig. S10: Annual calculated effective sample size (open circles) for the food habits data 
(proportion by weight) for each predator species. The solid lines represent the dataset 
weightings used in the objective function.  
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Fig. S11: Observed age-specific diet of Atlantic cod averaged over 5-year intervals, 
represented as the proportion by weight of a particular prey item to the total stomach 
content weight.  Year-bins represent 1) 1978-1982, 2) 1983-1987, 3) 1988-1992, 4) 1993-
1997, 5) 1998-2002, and 6) 2003-2007. 
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Fig. S12: Predicted age-specific diet of Atlantic cod averaged over 5-year intervals, 
represented as the proportion by weight of a particular prey item to the total stomach 
content weight.  Year-bins represent 1) 1978-1982, 2) 1983-1987, 3) 1988-1992, 4) 1993-
1997, 5) 1998-2002, and 6) 2003-2007. 
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Fig. S13: Observed age-specific diet of silver hake averaged over 5-year intervals, 
represented as the proportion by weight of a particular prey item to the total stomach 
content weight.  Year-bins represent 1) 1978-1982, 2) 1983-1987, 3) 1988-1992, 4) 1993-
1997, 5) 1998-2002, and 6) 2003-2007. 
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Fig. S14: Predicted age-specific diet of silver hake averaged over 5-year intervals, 
represented as the proportion by weight of a particular prey item to the total stomach 
content weight.  Year-bins represent 1) 1978-1982, 2) 1983-1987, 3) 1988-1992, 4) 1993-
1997, 5) 1998-2002, and 6) 2003-2007. 
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Fig. S15: 95th percentiles for estimated annual instantaneous fishing mortality when all 
measurement error levels were introduced into a) commercial catches, b) survey catches, 
and c) predator diets.  For commercial and survey catches, error levels represent the 
standard deviations of the multiplicative errors incorporated into total annual catches.  
For food habits data, error levels represent the number of draws from a multinomial 
distribution where measurement error increases as effective sample size decreases. 
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Fig. S16: 95th percentiles for estimated annual recruitment when all measurement error 
levels were introduced into a) commercial catches, b) survey catches, and c) predator 
diets.  For commercial and survey catches, error levels represent the standard deviations 
of the multiplicative errors incorporated into total annual catches.  For food habits data, 
error levels represent the number of draws from a multinomial distribution where 
measurement error increases as effective sample size decreases. 
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Fig. S17: 95th percentiles for estimated species preference coefficients (ρ) for a) cod-cod, 
b) cod-silver hake, c) cod-herring, d) silver hake-silver hake, and e) silver hake-herring 
when all measurement error levels were introduced into commercial catches, survey 
catches, and predator diets.  For commercial and survey catches, error levels represent the 
standard deviations of the multiplicative errors incorporated into total annual catches.  
For food habits data, error levels represent the number of draws from a multinomial 
distribution where measurement error increases as effective sample size decreases. 
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ABSTRACT   

Georges Bank, a productive and historically important fishing ground within the 

Northeast U.S. Continental Shelf (NEUS) ecosystem, has undergone extensive changes in 

community dynamics and ecosystem structure over the last half of a century.  Due to 

these changes as well as evidence for ecosystem overfishing and sequential depletion of 

resources within the NEUS, there has been considerable movement towards an ecosystem 

approach to fisheries.  Here we apply a multispecies, statistical catch-at-age model to 

nine fish species within the Georges Bank ecosystem.  While sensitivity to dataset 

weights and initial parameter estimates was apparent, we statistically estimated both the 

magnitude and temporal trends in predation mortality rates experienced by prey species.  

Predation mortality rates varied over both time and age.  Mackerel, herring and silver 

hake experienced the greatest mortalities due to predation, with maximum predation 

mortality rates of 0.62 for mackerel, 1.01 for herring and 1.58 for silver hake.  For these 

species, losses due to predation generally exceeded annual landings.  Goosefish was the 

most dominant predator, followed by cod and silver hake, and consumption of modeled 

fish generally followed patterns in prey abundance.  This work further demonstrates the 

strong impact of predation on Georges Bank fish community dynamics and provides a 

tool for statistically estimating the mortality due to predation.   

 

KEYWORDS 

multispecies statistical catch-at-age model, predation mortality, Georges Bank 
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INTRODUCTION 

Over the last half of a century, Georges Bank, a historically important fishing 

ground off the U.S. east coast, has experienced marked changes in ecosystem structure.  

Perhaps most notably, the ecosystem has exhibited a shift from a community dominated 

by groundfish and other finish to one dominated by small pelagic and elasmobranch 

species (Fogarty and Murawski 1998, Link and Garrison 2002a, Methratta and Link 

2006, Frisk et al. 2008).  Fishing is generally recognized as the largest contributing factor 

to the observed changes in species composition, in particular strong pressure by the 

distant water fleets of the 1960's-1970's and the subsequent expansion of the domestic 

fleet after the establishment of the 200-mile exclusive economic zone (Fogarty and 

Murawski 1998, Link et al. 2002, Link et al. 2011). 

Concurrent with the shift in species composition, the Northeast U.S. Continental 

Shelf (NEUS) has experienced profound changes in several ecosystem metrics.  These 

changes include an increase in the pelagic-to-demersal fish ratio, an increase in the ratio 

of planktivores and benthivores to piscivores and shrimp/fish feeders, indicating a shift 

toward lower trophic levels, and declines in the average length of fish (EcoAP 2009).  

Since the 1970's, average trophic level of the landings from the northwest Atlantic has 

exhibited a steep decline (Pauly et al. 1998, EcoAP 2009), though recent work has 

demonstrated the trophic level of the landings is not necessarily indicative of the trophic 

level of the ecosystem (Branch et al. 2010).  According to several ecosystem indicators 

and metrics, the NEUS Large Marine Ecosystem is experiencing ecosystem overfishing 

and likely sequential depletion of resources (Murawski 2000, Methratta and Link 2006, 
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Link 2007, Coll et al. 2008, EcoAP 2009).  Georges Bank is one of four subsystems 

comprising the NEUS ecosystem (Sherman et al. 2004). 

The observed shifts in species composition and ecosystem metrics may indicate 

significant changes in marine food web structures (Pauly et al. 1998, Link and Garrison 

2002a, Coll et al. 2008).  As a result of these trends, there has been considerable 

movement towards an ecosystem approach to fisheries.  At the national level, section 406 

of the 2007 reauthorization of the Magnuson-Stevens Fishery Conservation and 

Management Act (Public Law 94-265) encourages the expansion of the application of 

ecosystem principles in fisheries management.  Furthermore, through the recently passed 

National Ocean Policy, a national approach incorporating an ecosystem-based framework 

has been initiated (Lubchenco and Sutley 2010).  At the regional level, the New England 

Fishery Management Council is planning to develop a fishery ecosystem plan to address 

broader ecosystem considerations (SSC NEFMC 2010).  To meet these goals, additional 

tools are needed to examine food-web structures and species interactions with the same 

statistical rigor as those models currently used to inform fisheries management.   

Fishing can profoundly alter the trophic structure and energy flow of an ecosystem 

through removal of a predator, prey or competitor species (Pauly et al. 1998, Link and 

Garrison 2002a, Bundy et al. 2009).  Accordingly, an ecosystem approach to 

management requires an increased emphasis on diversity, variability and species 

interactions (Murawski 2000).  In marine ecosystems, piscivory is often the largest 

removal of fish production (Bax 1998, Overholtz and Link 2007, Tyrrell et al. 2008).  An 

investigation of the fate of fish biomass in six marine ecosystems indicated that the 

primary source of mortality in all systems was predation by fish (Bax 1991).  On Georges 
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Bank, the annual losses due to piscivory were seven times greater than those due to 

fishing (Bax 1991).  Furthermore, recent network models of four regions within the 

NEUS, including Georges Bank, indicated that the proportion of mortality due to 

predation was greater than that due to fishing for both small pelagic and demersal fish 

groups (Link et al. 2008b). 

Multiple studies have further demonstrated that predation is a dominant source of 

mortality on Georges Bank.  A Multispecies Virtual Population Analysis (MSVPA) 

model incorporating eight Georges Bank fish species indicated the biomass of prey 

consumed was of the same order of magnitude or greater than commercial catch, 

signifying that predation is strong enough to impact prey population dynamics (Tsou and 

Collie 2001a).  In particular, predation was significant and variable enough to modify 

year class size, although the age at which predation was most dominant varied across 

prey species (Tsou and Collie 2001b).  Additional studies in the northwest Atlantic have 

demonstrated that the magnitude and variation in predation mortality is enough to impact 

the population dynamics of prey species (Overholtz et al. 2008, Moustahfid et al. 2009a, 

Moustahfid et al. 2009b).  An expanded MSVPA of the NEUS Continental Shelf 

illustrated that the annual biomass consumed of two forage species (herring and 

mackerel) was three to five times greater than their landings (Tyrrell et al. 2008).  The 

average predation mortality rates experienced by mackerel and herring were more than 

three and five times, respectively, greater than the traditionally assumed total natural 

mortality rate of 0.2 (Tyrrell et al. 2008).  Together these studies signify that predation is 

strong enough to impact prey population dynamics on Georges Bank and is potentially of 

greater influence than commercial fisheries.  Yet while these studies demonstrate the 
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marked influence of predation, they do not incorporate multiple interacting species within 

a modeling framework that can explicitly address stochasticity and uncertainty in 

parameter estimates.  Multispecies statistical catch-at-age models account for observation 

errors in input datasets through the statistical estimation of model parameters and provide 

a more rigorous tool for estimating trophic interactions among multiple species.  

The goal of this work was to expand the multispecies statistical catch-at-age model, 

developed and tested in Chapter 1, to include nine species within the Georges Bank fish 

community.  Modeled species were selected because of their documented importance 

within the Georges Bank ecosystem and because abundance data were available.  With 

this model, we will quantify the predation mortality rates experienced by prey species, 

examine both the magnitude and temporal trends, and compare these estimates to those of 

past multispecies modeling efforts.  The results will indicate the role of predation 

mortality in regulating the population dynamics of prey species.  The magnitude of 

predation mortality rates will provide insight into the magnitude of the natural mortality 

rates that should be assumed in single-species models.  Furthermore, if estimated 

predation mortality rates exhibit strong temporal variation, assuming a time-invariant 

natural mortality rate in single-species models may be inappropriate. 

 

METHODS 

Model overview 

The multispecies catch-at-age model included nine fish species representing 

important predators and/or prey on Georges Bank.  Species’ roles as predator and prey 

were assessed through either their abundance and level of piscivory or their proportion in 
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predator diets.  Modeled predator species included Atlantic cod (Gadus morhua), silver 

hake (Merluccius bilinearis), goosefish (Lophius americanus), pollock (Pollachius 

virens), white hake (Urophycis tenuis), spiny dogfish (Squalus acanthias), and winter 

skate (Raja ocellata); modeled prey species included Atlantic cod, silver hake, Atlantic 

herring (Clupea harengus), Atlantic mackerel (Scomber scombrus) and white hake.  The 

trophic interactions between these nine species (Figure 1) were informed by the Northeast 

Fisheries Science Center (NEFSC) food-habits database (Link and Almeida 2000).    

The model used in this manuscript was evaluated and fully detailed in Chapter 1.  In 

brief, total natural mortality was partitioned into the mortality due to predation and 

residual natural mortality, such that total mortality was quantified as the sum of fishing, 

predation and residual natural mortality rates.  Final assumed residual natural mortality 

rates were determined iteratively. These species-specific residual natural mortality rates 

were selected to result in a total natural mortality rate for the oldest age classes as similar 

as possible to the natural mortality rate assumed in single-species runs.   

Predation mortality was based on prey suitability coefficients, which incorporated 

both the size preference and species preference of a predator.  Species preference (prey 

vulnerability) coefficients were estimated for each species interaction and incorporated 

all differences in food selection not attributable to size (Gislason and Helgason 1985).  

Species preference was relative to a reference prey species, in this case “other food”, 

whose species-preference coefficient was set to one.  Predator size-preference was a 

function of the 1) ratio of predator-to-prey weight, 2) preferred predator-prey weight 

ratio, and 3) predator selectivity with respect to the size of its prey.  Finally, age-specific 
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predation mortality was estimated as a function of age-specific suitable prey biomass, 

total predator and prey biomasses, and per-capita predator consumption. 

Estimated model parameters included initial age-specific abundances, annual 

recruitment, age-specific fishery and survey selectivity coefficients, and species-

preference parameters. 

Required data 

Input time series for each species included total commercial catch (103 mt; landings 

plus discards), total fishery-independent survey catch (number/tow) from the NEFSC 

seasonal bottom trawl surveys (Azarovitz 1981), age proportions of both commercial and 

survey catches, and average age-specific individual weights (kg).  These data were 

obtained from recent stock assessments, the primary literature or directly from the 

NEFSC (Table 1).  For goosefish, winter skate and spiny dogfish, catch-at-age 

proportions and weight-at-age time series were not available.  Accordingly, survey and 

commercial catch length-frequency data were used instead of age proportions.  Time-

invariant age-specific weights were calculated with length-at-age and length-weight 

relationships (Table 1).   

With the exception of cod, the unit stocks for all species incorporate a greater 

geographic area than just Georges Bank.  Following Collie and Delong (1999), the 

average proportion of each species’ biomass found on Georges Bank was estimated using 

the NEFSC trawl surveys (Table 2).  For all species but white hake, average proportions 

from 1978-2007 were used because annual proportions did not exhibit systematic 

temporal trends.  However, for white hake, the annual proportion on Georges Bank 

significantly decreased over the time series.  Consequently, a linear relationship fit to 
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annual proportions was used to estimate the average proportion on Georges Bank in each 

year.   

For predator species, additional input data included age-specific diet composition, 

annual age-specific, per-capita consumption estimates and size-preference coefficients.  

Predator diet composition was estimated from the NEFSC food-habits database.  Diet 

composition, represented as proportion by weight, was averaged over five-year intervals 

due to limited sample sizes.  

Following several publications examining predator consumption, the gastric 

evacuation model was used to estimate total annual per-capita consumption (Tsou and 

Collie 2001a, Overholtz and Link 2007, Link and Sosebee 2008, Moustahfid et al. 

2009a).  In particular, total per-capita consumption was calculated for winter/spring and 

summer/fall, and subsequently summed together to obtain total annual per-capita 

consumption for each predator age and year bin.  The food-habits database is structured 

by predator length; therefore predator lengths were assigned ages by using time-invariant 

length-at-age relationships from the literature (Table 1). 

Per-capita consumption is a function of predator stomach-content weight and 

evacuation rate.  Predator hourly evacuation rate R in season s year t is a function of 

temperature 

(1)   ܴ௦,௧ ൌ ఉ݁ߙ ೞ்,    

where α and β are constants and T represents the average seasonal temperature in each 

year.  The constants α and β were set to 0.004 and 0.115 for teleost species and 0.002 and 

0.11 for the two elasmobranch species (Durbin et al. 1983, Overholtz et al. 2000, Link et 

al. 2008a).  NMFS trawl-survey data were used to estimate season- and year-specific 
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average temperatures for Georges Bank.  Average Georges Bank water temperatures 

from the spring survey were assumed to be representative of both winter and spring, 

where those from the fall survey were representative of summer and fall.  Age- and 

season-specific predator evacuation rates were then averaged over years to estimate the 

average seasonal evacuation rate for each year bin.   

For each predator species i age a in season s of year bin b, total semi-annual per-

capita consumption is related to predator stomach-content weight S and hourly 

evacuation rate R as: 

(2)   ,,௦,ܥ ൌ 182.5 ∗ 24ܴ௦, ܵ,,௦,
ఊ   

where γ is assumed to equal 1 (Moustahfid et al. 2009a), and S represents the average 

stomach-content weight of Georges Bank individuals for each predator age, season and 

year bin.  For each year bin and predator age, total per-capita spring and fall consumption 

estimates were summed to obtain the average per-capita total annual consumption (grams 

consumed per individual predator per year).  Finally, per-capita total annual consumption 

was divided by average individual predator weight for each predator age, year bin to 

obtain an age-specific consumption/biomass ratio. 

Observed prey lengths for each predator age class were obtained from the food-

habits dataset and used externally to the model to estimate the size preference of each 

predator species.  During model development, predator size-preference was modeled as a 

lognormal function of predator-to-prey weight (Chapter 1).  However, the observed 

distribution of weight ratios was asymmetric, even on a log scale, such that predators 

rarely consumed prey of similar sizes as the predator.  Following Lewy and Vinther 

(2004), two normal curves with the same mean but different variances were fit to 
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predator-prey weight ratios to account for asymmetry in the observed distributions.  For 

predator j age b and prey i age a, predator size preference was calculated as: 

(3)   ݃,,,,௧ ൌ ݔ݁ 
െ1
,௫ߪ2

ଶ ቆ݈݊ ܹ,,௧

ܹ,,௧
െ ቇߟ

ଶ

൩ 
 

where ߟ represents the preferred lognormal predator-to-prey weight ratio and ߪ
ଶ reflects 

the variance in this ratio, or predator selectivity.  Two different values of σ were 

estimated, ߪ,ଵ and ߪ,ଶ, for weight ratios less than or greater than ߟ, respectively.   

Prey lengths were only available for a subset of the food-habits data and had limited 

sample sizes for some predator species.  Consequently, predator size-preference was 

assumed to be constant over all prey species and was estimated externally to the model to 

avoid parameter confounding during model fitting.  If empirical wet-weights were not 

available, predator and prey lengths were converted to weights with species-specific 

length-weight relationships obtained from multiple literature sources (Gilman 1994, 

Newberger and Houde 1995, Wigley et al. 2003, Annis et al. 2011).  A total of 14,627 

predator-prey length pairs were used to calculate predator size-preference. 

Parameter estimation 

As in the initial model implementation (Chapter 1), the total likelihood used in 

parameter estimation comprised five data sources: total commercial and survey catches, 

age composition of survey and commercial catches, and predator diet composition.  

Relative abundance estimates from both the spring and fall surveys were initially used for 

each species.  However, for some species, one trawl-survey season provided more 

consisent abundance estimates and better diagnostics.  For these species, trawl-survey 

data from only one season were used in parameter estimation (Table 2).  For each 
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species, age-specific survey and fishery selectivity parameters were estimated from the 

first age of partial recruitment to the age of full recruitment, which were both selected 

iteratively during single-species runs (Table 2).   

The initial estimates for all single-species parameters were set to the final parameter 

estimates from the single-species models.  As in the submodel, objective function weights 

for each dataset were selected iteratively by using two-stage weighting (Francis 2011).  

Weights for the lognormal components were chosen to achieve approximately a 30-40% 

coefficient of variation (CV) for aggregate survey catch and a 10% CV for total 

commercial catch.  Age compositions of the catches as well as predator diet compositions 

were assumed to be multinomially distributed, with objective function weights selected to 

best approximate the effective sample size calculated with the formulation of McAllister 

and Ianelli (1997).  The statistical estimation of model parameters accounts for 

observation errors in the time series of catches and predator diets.  

Goosefish, winter skate and dogfish are not routinely aged.  Since goosefish exhibit 

linear growth up to age ten (Richards et al. 2008), observed survey and commercial catch 

length frequencies were converted to age proportions with a time-invariant age-length 

key (NEFSC 2010).  In contrast, winter skate and spiny dogfish exhibit asymptotic 

growth.  Since both species are top predators within the model, single-species runs were 

first conducted incorporating age-length keys to convert predicted age proportions to 

length proportions within the model.  These single-species models were fitted to observed 

survey and commercial catch length frequency data.  Predicted age-structured catches and 

estimated parameters from the single-species runs were then put into the multispecies 

model as known input values.   
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Following Frisk et al. (2010), time-invariant age-length keys for winter skate and 

spiny dogfish were constructed from average length-at-age and corresponding standard 

deviations-at-length. Average length-at-age was calculated from published von 

Bertalanffy relationships (Table 1).  For winter skate, the standard deviation in mean 

length-at-age was calculated as the product of average length-at-age and the coefficient of 

variation estimated in Frisk et al. (2010).  The standard deviations-at-length for spiny 

dogfish were estimated from Nammack et al. (1985).   

The observed length-frequency data were binned in 1-cm length increments.  The 

probability that a fish of a given age fell within a particular length bin was estimated 

assuming a normal distribution with a mean equivalent to the average length-at-age and a 

standard deviation equal to the observed standard deviation-at-length.  The probabilities 

were then scaled so that they summed to one within each age class.  These scaled 

probabilities were used as the age-length key. 

 

RESULTS 

The observed distributions of predator-to-prey weight ratios were notably skewed, 

even in log space (Figure 2).  A normal distribution with different assumed variances at 

values above and below the mode fit the observed distributions well.  Average log weight 

ratios (base e) for each predator species ranged from 1.95-6.75, indicating that predators 

generally consumed prey species at least seven times smaller than them by weight (Table 

3).  Relative to their own weight, white hake and silver hake consumed the largest prey 

while winter skate and pollock consumed the smallest prey.  For all predator species but 

winter skate, the estimated variance of the portion of the curve above the mode (σ2) was 
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at least 2.5 times greater than the variance estimated for values less than the mode (σ1).  

This difference in estimated variances indicates a greater consumption of smaller than 

larger prey.  However, in the case of winter skate, the estimated variances were 

approximately equal, suggesting relatively equal consumption of prey of a certain size 

greater or smaller than the mode.  In applying these distributions to the age-structured 

model, the average observed weight ratio was assumed to be equivalent to the preferred 

ratio, and the observed variances equivalent to predator size selectivities.  

Outputs of multispecies statistical catch-at-age models include time series of 

multiple predicted indices such as recruitment, total consumption, biomass and rates of 

predation.  The primary objective of this work was to quantify both the magnitude and 

temporal trends in the predation mortality rates experienced by prey species.  

Accordingly, model fits to observed data are briefly addressed, but the results are focused 

on estimated predation rates and the sources of this predation. 

For the teleost species, predicted total annual catch exhibited only small deviations 

from observed fishery catch (Figure S1).  Predicted seasonal fishery-independent survey 

catches captured the observed trends in the species-specific time series, though greater 

interannual variability was evident in survey catches (Figure S2).  Both fisheries and 

survey catches were inputted as known data for the two elasmobranch species.   

With age-structured time series of commercial catches, survey catches and predator 

diets, the model was able to estimate initial abundances, annual recruitment, annual rates 

of fishing, both survey and fishery selectivity ogives, as well as species-preference 

coefficients that characterized the predation interactions between modeled species.  An 

error-free model convergence was obtained, with a maximum observed parameter 
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correlation of 0.8604, indicating that parameter confounding was not evident.  However, 

the model was sensitive to assumed dataset weights in the objective function as well as 

starting initial estimates for the single-species parameters.  Modification of dataset 

weights sometimes led to model runs that contained convergence errors.  Yet, there was 

enough power in the data to iteratively select weights for commercial age-proportions, 

survey age-proportions as well as predator diet compositions to best match the observed 

effective sample sizes.     

Predation mortality rates (M2) were strongly size-dependent, whereby M2 generally 

decreased with increasing age (Figure 3).  Goosefish, cod and white hake were both 

intermediate prey and predator species, exhibiting maximum predation rates between 

0.18 (goosefish) and 0.43 (cod).  For these intermediate prey species, the M2 rates of the 

oldest age classes were approximately zero, such that fishing was the dominant source of 

mortality for these age classes.  As a consequence, the fishery landings for these three 

prey species were greater than the biomass consumed by modeled predator species 

(Figure 4).   

In contrast, mackerel, herring and silver hake experienced the greatest mortalities 

due to predation, with maximum predation mortality rates of 0.62 for mackerel, 1.01 for 

herring and 1.58 for silver hake (Figure 3).  For these principal prey species, the oldest 

age classes were still exposed to predation and experienced predation mortality rates 

between 0.08-0.23 for mackerel, 0.11-0.45 for herring and 0.32-0.95 for silver hake.  For 

silver hake, the biomass consumed was over three times the magnitude of the landings in 

each year (Figure 4).  For mackerel and herring, the losses due to predation generally 

exceeded annual landings; however, there was at least one year for each prey species in 
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which landings exceeded predation losses.  These years corresponded to periods when 

species-specific predation mortality rates were near their minima. 

Predation mortality rates are a function of both predator and prey biomasses as well 

as predator consumption rates and diet composition.  For the predator species, spiny 

dogfish, winter skate, white hake and cod, total biomasses were greatest near the 

beginning of the time series, while goosefish total biomass increased over time (Figure 

5).  Silver hake and pollock did not exhibit monotonic temporal trends in biomass.  

Differences in magnitude between biomass and total annual consumption varied among 

species.  Calculated total annual consumptions of both elasmobranch species were lower 

than their annual biomass estimates, due to comparatively low consumption-to-biomass 

(CB) ratios averaging 0.757 for spiny dogfish and 0.328 for winter skate.  In contrast, cod 

and pollock exhibited average CB ratios of 1.71 and 1.18, respectively, resulting in 

annual consumption estimates slightly greater than their biomasses.  Annual consumption 

estimates for goosefish, white hake and silver hake all substantially exceeded their annual 

biomass levels due to high CB ratios averaging 6.15 for goosefish, 3.49 for white hake 

and 3.96 for silver hake. 

While total annual consumption of spiny dogfish and winter skate decreased over 

the time series, their consumption of modeled fish species increased (Figure 6).  Spiny 

dogfish consumption comprised herring, silver hake, mackerel, and to a lesser extent, cod 

and goosefish.  When total consumption of modeled fish was at its greatest, spiny dogfish 

consumed primarily herring.  The increase in winter skate consumption at the end of the 

time series comprised both herring and silver hake. 
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Predicted spiny dogfish and winter skate diets both indicated a small total 

consumption of modeled fish species, with consumption estimates 3-4 times less than that 

of cod or silver hake, and over an order of magnitude less than that of goosefish (Figure 

6).  The consumption of modeled prey species is a function of both relative diet 

composition and total consumption, which in turn is a function of predator biomass and 

per-capita consumption rates.  The evacuation rate parameters used for the elasmobranch 

species were less than those of the teleosts, resulting in comparatively low consumption-

to-biomass ratios for both spiny dogfish and winter skate.  Furthermore, modeled prey 

only constituted a maximum of 6% of the average diet for winter skate and 16% for spiny 

dogfish (Figure S3, Figure S4).  The annual predicted biomass of spiny dogfish was on 

the same order of magnitude as many of the predator species (Figure 5).  In contrast, 

winter skate exhibited a greater total biomass than spiny dogfish, but consumed 

approximately the same quantity of modeled species due to the smaller proportion of 

modeled prey in winter skate diet composition.  Together these trends resulted in the low 

consumption estimates of modeled prey species compared to many other predators, 

including goosefish, cod and silver hake.   

Goosefish consumed the greatest quantity of modeled fish species across all years 

(Figure 6), indicating that it was the dominant predator species within the Georges Bank 

fish community.  This role was presumably due to its high consumption rate and level of 

piscivory, because predicted total annual biomass was substantially less than that of 

several other predator species, including spiny dogfish, winter skate and cod (Figure 5).  

Both goosefish total consumption and that of modeled fish increased over time.  As a 

consequence of these increases as well as a decrease in goosefish predation mortality, 
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goosefish’s role as the dominant predator within the system increased at the end of the 

time series. 

Cod was the second most dominant predator of modeled prey species (Figure 6).  

Even though cod total consumption decreased proportionally with its abundance, its 

consumption of modeled prey and in particular herring, increased over time.  Cod 

consumption of modeled fish was an order of magnitude greater than that of white hake 

even though both species were intermediate predators (Figure 6).  This difference was 

due to the large difference in predicted biomass estimates, because the average diet of 

white hake generally constituted a slightly greater proportion of modeled prey.  Similarly, 

even though white hake abundance and total consumption decreased over time, its 

consumption of modeled prey did not show a consistent temporal trend due to an increase 

in the proportion of modeled fish in the diet composition.  Like several other predator 

species, this increase was primarily due to increased consumption of herring, though 

white hake diet comprised mainly silver hake, and to a smaller degree herring and 

conspecifics (Figure S5).    

While neither silver hake nor pollock total consumption exhibited monotonic 

trends, their consumption of modeled fish species both increased substantially over time.  

For both predator species, this increase was primarily herring, though consumption of 

silver hake and mackerel increased as well (Figure 6, Figure S5).  Across all predator 

species, the predicted annual consumption of modeled fish species further demonstrated 

the dominance of herring and silver hake as prey species.     

Trends in predation were also examined from the perspective of the prey species.  

Goosefish was prey only to spiny dogfish; the pattern in the biomass of goosefish 
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consumed resulted from the interplay of trends in spiny dogfish and goosefish abundance 

(Figure 7).   Cod was prey to spiny dogfish, goosefish and itself (Figure 6, Figure 7).  

Consumption of cod by all three predator species declined over time as cod biomass 

decreased.  Likewise, across all predator species, consumption of herring generally 

increased over time as herring biomass increased (Figure 7).  Consistent with its biomass, 

consumption of silver hake did not show a pronounced temporal trend.  For cod, silver 

hake and mackerel, goosefish was the dominant predator species.  Across years, 

goosefish was responsible for 87.1 – 99.6% of total cod consumption, 45.8 – 87.8% of 

total mackerel consumption and 60.8-85.9% of total silver hake consumption.    

In contrast, the dominant predator of both white hake and herring was generally cod 

(Figure 7).  Across years, 27.6 – 95.5% of all white hake consumption and 41.6 – 90.4% 

of herring consumption was due to cod.  For white hake, there were seven years across 

the 1990’s and 2000’s during which cannibalism was more dominant than predation by 

cod even though the magnitude of white hake cannibalism declined over time as white 

hake abundance decreased.  These years corresponded to time periods where the total 

consumption by cod was at its lowest (Figure 5).  For herring, cod was most dominant as 

predator during the early portion of the time series when cod abundance was at its 

greatest (Figure 7).  Beginning in the late 1980’s, herring was consumed by wider array 

of predators that included most notably goosefish, pollock, silver hake and spiny dogfish, 

in addition to cod.  For most prey species, the majority of predation mortality was 

imposed by one or two predator species.  The exception to this trend was the 

consumption of herring by several predator species during the latter half of the time series 

as herring abundance increased.    
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Trends in predator biomass and diet composition as well as prey biomass can be 

used to interpret temporal trends in the predation mortality rates experienced by prey 

species (Figure 3).  For ages subject to predation, goosefish and white hake predation 

mortality rates generally declined over the time series.  For goosefish, this decrease was 

due to the increasing trend in goosefish biomass as well as a decline in the predicted 

biomass of spiny dogfish, their only predator.  The decline in white hake predation 

mortality was primarily a consequence of decreased predation by cod and to a lesser 

extent, decreased cannibalism.  Predation mortality rates of herring also decreased 

substantially over time, as a consequence of substantial increases in herring biomass as 

well as a decrease in the biomass of its primary predator, cod.  This decrease in M2 

occurred even as herring became more prevalent in the diets of several predators, with 

approximately a 5-fold increase in total consumed biomass.   

In contrast, cod predation mortality increased over time, with the majority of 

predation due to goosefish.  This increase in M2 was attributed to both the increased 

biomass of goosefish as well as the precipitous decline in cod biomass.  Age-1 mackerel 

experienced an average M2 of approximately 0.2 until the end of the time series when it 

increased, even as mackerel total biomass increased.  This increase in M2 was a function 

of an increase in the biomass of the primary predators of mackerel: goosefish and to a 

lesser extent silver hake and pollock.  

Silver hake predation mortality rates generally exhibited an increasing temporal 

trend and appeared to track the abundance of goosefish, which was by far the principal 

predator.  Predation mortality rates at the end of the time series were up to 50% higher 

than rates experienced during the early part of the time series.  Increased cannibalism at 
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the end of the time series presumably contributed to the temporal trend in M2 and was 

potentially due to a pulse of recruits to the population in the late 1990’s and early 2000’s, 

as indicated by predicted survey age-proportions (Figure S6).  At the beginning of the 

time series cod consumption of silver hake was notable, but its role as a predator to silver 

hake declined as its abundance decreased.   

For silver hake, the distribution of M2 across ages varied with time.  In the mid 

1980’s, silver hake predation mortality rates were very similar across ages; in 1987 age-1 

individuals experienced predation rates only 10% higher than age-6 silver hake.  

However, in the early 2000’s, predation on silver hake was more size selective, resulting 

in age-1 predation rates over three times the M2 experienced by the oldest age class.  

This temporal difference in the distribution of M2 across ages was attributed to changes 

in the age distribution of goosefish, silver hake’s primary predator (Figure S7).  Higher 

abundance of older (ages 7-10) goosefish in the late 1980’s compared to the early 2000’s 

resulted in higher predation rates on older silver hake. 

All predator species exhibited considerably greater preferences for modeled prey 

species than “other food” (Figure 8).  However, the most preferred prey species varied 

among predators.  The most preferred prey of goosefish was silver hake, while that of cod 

and pollock was herring and mackerel, respectively.  Examination of the standard 

deviations corresponding to these species preference coefficients indicated the magnitude 

of uncertainty surrounding each estimated species interaction.  The three aforementioned 

predator species all exhibited significantly higher preferences for one prey than other 

species.  Additionally, white hake had a significantly greater preference for cannibalism 

than other prey.  However, many of the remaining predator species exhibited similar 
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preferences for multiple prey species.  Both silver hake and winter skate had large 

estimated coefficients for mackerel and silver hake; neither prey species was clearly 

preferred.  Spiny dogfish’s highest preference was for goosefish, presumably due to the 

combination of its low abundance and semi-regular occurrence in spiny dogfish diets, 

though it also exhibited a similar preference for cod.  For several predator species 

including silver hake, pollock, white hake and winter skate, the most uncertain interaction 

was with mackerel.  This high degree of uncertainty was presumably due to a small 

sample size of stomachs containing mackerel.   

 

DISCUSSION 

Multispecies statistical catch-at-age models improve upon the estimation of trophic 

interactions and predation mortality with MSVPA.  These improvements result from the 

statistical estimation of model parameters, recognition that observed datasets contain 

measurement error, and by accounting for uncertainty in not only input data, but also 

resulting parameter estimates.  The multispecies statistical catch-at-age model presented 

in this chapter builds upon the submodel developed and tested in Chapter 1 as well as 

previous modeling efforts for both Georges Bank and the Northeast U.S. Continental 

Shelf ecosystems.  As such, this multispecies model provides one plausible representation 

of the interactions among fish species on Georges Bank and the magnitude of the 

predation rates experienced by prey species.  The model incorporates nine fish species 

representing important predators and prey within the Georges Bank community.   

Trends in prey abundance, resulting predation mortality rates and predator 

consumption are influenced by the species set included in the multispecies model.  These 
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differences are demonstrated through a comparison of the outputs of the 3-species 

submodel developed in Chapter 1 and the full 9-species model presented here.  Predicted 

abundances of cod, silver hake and herring were greater in the full model than in the 

submodel.  This difference in magnitude was due to the added predation losses from the 

five additional predator species included in the full model.  Cod and herring showed the 

same temporal trends in abundance between models.  In contrast, silver hake, though it 

did not exhibit a clear temporal trend in either model, exhibited a different timing of peak 

abundance between the two applications.  In the submodel, abundance peaked during the 

mid-1980’s, but predicted abundance in the 9-species model peaked in 2001.  Yet while 

the timing of peak abundance varied between the models, the timing of peak biomass 

remained the same; silver hake biomass reached its maximum in the mid 1980’s.  In the 

full model, the difference in timing between peak abundance and biomass as well as the 

increase in M2 at the end of the time series was potentially due to the recruitment pulse in 

the late 1990’s and early 2000’s.  The increase in silver hake cannibalism predicted in the 

9-species model was also predicted in the 3-species submodel and was supported by the 

observed diets of age 4-6 silver hake.  However, in the 3-species model, predation 

mortality rates did not reach unprecedented levels because the abundance of cod, silver 

hake’s only other predator in the submodel, was at a minimum during this time.  

Cod also experienced drastically different predation rates and a different temporal 

trend in predation between models.  This pronounced difference was due to the enhanced 

array of predators included in the full model that prey on cod.  In the 3-species submodel, 

cod was only prey to itself, and cannibalism declined with decreasing cod abundance.  

However, in the 9-species model, the decline in cannibalism was counteracted by an 
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increase in cod consumption by goosefish, resulting in the predicted increase in M2 over 

time.  Herring predation rates exhibited the same temporal trend between models, due to 

the marked increase in herring abundance predicted in both models. 

In addition to rates of predation, the dominant predator varied between models.  For 

both cod and silver hake, the primary source of predation in the 9-species model was no 

longer cannibalism but instead predation by goosefish.  The dominant predator of herring 

was cod in both models; however, in the 9-species model herring was consumed by a 

wider array of predator species in the second half of the time series as cod abundance 

declined.  

Within the 9-species model, the relative role of each species within the community 

can be assessed with respect to its predation rates and consumption of modeled fish 

species.  In this model, winter skate, spiny dogfish and pollock were top predators.  Yet, 

predicted spiny dogfish and winter skate diets both indicated a small total consumption of 

modeled fish species, with consumption estimates less than that of cod, silver hake, and 

particularly goosefish.  Previous work investigating the diet composition of spiny dogfish 

on Georges Bank indicated that on average, clupeids only represented approximately 5% 

of spiny dogfish diets, with ctenophores and unidentified fish the dominant prey 

categories (Smith and Link 2010).  Likewise, while winter skate are piscivorous, their 

primary fish prey are generally sand lance, which were not included in this model (Link 

and Almeida 2000, Smith and Link 2010).   

While the predicted total annual biomass of pollock was less than that of both spiny 

dogfish and winter skate, pollock generally exhibited a greater consumption of modeled 

fish, especially near the end of the time series, with the majority of this increase 
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consisting of herring.  Previous work investigating the consumptive demand of pollock 

also demonstrated a shift in pollock diet with increased piscivory through time (Tyrrell et 

al. 2007).  The consumption estimates of Tyrrell et al. (2007) suggested a greater 

importance of herring and hake over mackerel.  In the average diet of pollock predicted 

here, herring and silver hake constituted a greater proportion in the diet; however, 

estimated species preference coefficients indicated a significantly greater preference for 

mackerel than either silver hake or herring.  This difference could be a function of 

differing availabilities among the prey species, resulting from differences in abundance or 

distribution.   

In this application, goosefish appear to be the dominant predator species within the 

Georges Bank fish community.  Previous work has indicated that goosefish exhibit rapid, 

linear growth (Richards et al. 2008), which would contribute to the high consumption 

rates estimated here.  Furthermore, goosefish are important piscivores, with fish often 

constituting greater than 50% of their diet (Link and Garrison 2002a, NEFSC 2010, 

Smith and Link 2010).  Though previous work investigating abundance and species 

composition trends of feeding guilds in the Northeast U.S. Continental Shelf indicated 

that goosefish constituted a small proportion of total abundance within the piscivore 

guild, its relative abundance appeared to increase over time (Auster and Link 2009).  

Together these factors contributed to goosefish’s dominance in the community.  Recent 

work on the trophic ecology and abundance of goosefish has even suggested that 

goosefish is functionally replacing cod as the dominant piscivore within the northwest 

Atlantic ecosystem (Link 2007). 
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Cod and white hake serve as both intermediate predators and prey, with young age 

classes subject to predation but older individuals escaping predation from other species 

included in the model.  Tsou and Collie (2001a) estimated similar predation mortality 

rates for cod, with age-0 individuals experiencing an average predation mortality rate of 

0.3 and predation mortality declining to 0.003 by age-3.  The majority of cod predation 

was due to goosefish, especially as cod cannibalism decreased over time.  In contrast, 

Link et al. (2009) suggested that goosefish were not major predators of cod both because 

goosefish generally did not consume a large amount of biomass and because cod did not 

constitute a substantial portion of their diet.  While cod constituted less than 20% of the 

average diet of goosefish, goosefish’s high estimated consumption-to-biomass ratio 

resulted in substantial predicted cod consumption by goosefish.   

After goosefish, cod was the second most dominant predator species.  Multiple 

studies have shown that cod are opportunistic generalists, both consuming a diverse array 

of prey and generally those prey species with the greatest abundance (Garrison and Link 

2000a, Link and Almeida 2000, Link and Garrison 2002b, Link et al. 2009).  These 

studies support the cod consumption trend of modeled fish species predicted in this work, 

in particular the increase in herring consumption in the latter half of the time series as 

herring abundance recovered from overfishing.  The role of cod as a dominant piscivore 

in the northwest Atlantic is thought to have decreased as its abundance has declined (Link 

and Garrison 2002a, b).  Previous work on the northeast U.S. shelf found a decrease in 

the contribution of both cod and white hake abundance to the piscivore guild (Auster and 

Link 2009).  However, in this application, cod remained the second most dominant 

predator in all years but one.  
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Like cod, white hake primarily consumed herring and silver hake, and experienced 

a decrease in cannibalism with time.  This finding is supported by previous work that 

identified silver hake and herring as dominant fish prey items for white hake and 

indicated a marked decline in cannibalism from the 1970’s through the 1990’s (Garrison 

and Link 2000b, Smith and Link 2010).  Though unlike cod, white hake appeared to only 

play a minor role in the fish community dynamics due to its low abundance compared to 

other predator species. 

Mackerel represented an additional intermediate prey species in the ecosystem and 

experienced an average age-1 M2 of approximately 0.3.  Previous studies have estimated 

similar predation rates for mackerel.  Using a statistical catch-at-age model that 

incorporated predation losses as an additional fleet, Moustahfid et al. (2009a) estimated 

an average age-1 M2 of approximately 0.1 and a maximum of 0.6.  Tsou and Collie 

(2001a) estimated mackerel predation mortality rates less than 0.05 for all age classes on 

Georges Bank; however, the MSVPA only included years through 1992, which was 

before mackerel M2 began to increase.  In contrast, an MSVPA of the entire Northeast 

US Continental Shelf ecosystem estimated an average M2 of 0.74 for age-0 and age-1 

mackerel (Tyrrell et al. 2008).  

Differences in estimated rates of predation among studies could be a function of the 

geographic range over which the models were applied in comparison to the range of the 

stock of a particular species.  For example, mackerel in the northwest Atlantic exhibit 

extensive seasonal migrations.  They generally overwinter in the mid-Atlantic or the 

warm waters of the shelf edge east of Southern New England, Georges Bank or Nova 

Scotia; in the summer they primarily inhabit the Gulf of Maine, Gulf of St. Lawrence and 
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the Newfoundland coast (Sette 1950, Collette and Klein-MacPhee 2002, Overholtz et al. 

2011).  Consequently, modeling efforts that include the entire northeast US shelf may 

estimate different species-preference coefficients and predation rates than those that just 

include Georges Bank.  Network models of the NEUS ecosystem also found that biomass 

ratios for important predatory linkages among modeled groups varied regionally due in 

part to migratory patterns and distributional differences (Link et al. 2008b). 

Estimated mackerel predation rates indicated a decline in M2 with ontogeny, 

reflecting the size-selective nature of predation.  However, in contrast to other 

intermediate prey, even the oldest age-classes still experienced an average M2 of 

approximately 0.1.  This result contrasts other predation studies that suggested 

mackerel’s fast growth enabled it to grow out of the size range over which they were 

vulnerable to predation (Overholtz et al. 1999, Moustahfid et al. 2009a).   

Although mackerel is considered to be an important forage species in the northwest 

Atlantic (Moustahfid et al. 2009a), the most important prey species in this application 

were silver hake and herring.  Both silver hake and herring exhibited maximum predation 

rates greater than 1.0; however, temporal trends in M2 differed markedly among the 

species.  Silver hake consistently experienced the highest predation mortality rates among 

all modeled prey species, with increasing predation mortality rates over time likely due to 

both goosefish and cannibalism.  Recent work has indicated that cannibalism in silver 

hake is both prominent and an important factor influencing silver hake dynamics (Tsou 

and Collie 2001a, Link et al. 2012), especially on Georges Bank and in the Gulf of Maine 

(Garrison and Link 2000b, Smith and Link 2010). While cannibalism no longer 

represented the largest predation loss in the 9-species model due to the large consumption 
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by goosefish, as predators silver hake still consumed primarily conspecifics and herring.  

Furthermore, silver hake were important predators within the community, consuming the 

third highest amount of modeled fish prey.  Previous work examining the trophic ecology 

of silver hake also identified them as dominant biomass components, important as both 

predators and prey within the NEUS ecosystem (Garrison and Link 2000a).   

The decrease in herring M2 even as herring became more prevalent in predator diets 

indicates that the increase in herring abundance was potentially sufficient to permit 

escape from predator control.  Several previous studies have found similar predation 

mortality rates for herring, with estimates of maximum M2’s ranging from 0.75 to 3.2, as 

well as an increased importance of herring in predator diets over time (Tsou and Collie 

2001a, Overholtz et al. 2008, Tyrrell et al. 2008).  The increase of herring in predator 

diets as herring abundance increased demonstrates the opportunistic nature of many of 

the modeled predator species (Garrison and Link 2000b, Link and Garrison 2002b, Smith 

and Link 2010). 

In this application, the dominant predator of herring was Atlantic cod, with 

goosefish, spiny dogfish, pollock and silver hake also notable predators.  The dominance 

of cod is not only consistent with trends of the 3-species submodel but also with work on 

cod trophic ecology that indicated herring was the dominant prey item in the 1990’s 

(Link and Garrison 2002b).  However, this trend also contrasts several previous studies.  

In particular, Tyrrell et al. (2008) indicated that herring’s most important predators were 

spiny dogfish, white hake, summer flounder and goosefish, whereas Tsou and Collie 

(2001a) estimated that silver hake accounted for 50-90% of the predation imposed on 

herring.  Similarly, Overholtz and Link (2007) indicated that the largest herring 
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consumers were spiny dogfish and silver hake, followed by cod, white hake and 

goosefish.  This difference is potentially due to cod’s preference for herring over all other 

prey species, as well as a stronger preference by the other predators for many of the other 

modeled prey species over herring. 

As with mackerel, the oldest age classes of herring and silver hake still experienced 

notable rates of predation.  For herring, this result is supported by previous work 

indicating that herring are vulnerable to predation over their entire lifespan (Overholtz et 

al. 1999, Overholtz and Link 2007).  For silver hake, this result is presumably due to 

predation by goosefish because cannibalism, while prominent, occurs primarily on 

individuals less than 20 centimeters (Link et al. 2012).   

Due to the generalist nature of many of the predator species included in this model, 

predator diet composition generally followed patterns in prey abundance.  This trend was 

most evident by the increased consumption of herring by several predators as herring 

abundance increased.  Link and Garrison (2002b) demonstrated that cod exhibit prey 

switching.  Furthermore, a study investigating the functional responses of piscivorous 

fish species in the northwest Atlantic found that Holling Type-II and Type-III functional 

responses were most common, that predator functional response varied among prey 

species, and there generally was insufficient statistical power to distinguish between the 

two functional forms (Moustahfid et al. 2010).  In this application, we assumed a Holling 

Type-II functional response.  However, due to the opportunistic nature of the predator 

species and the likelihood of prey switching with fluctuations in prey abundance, a Type-

III functional response would have also been appropriate.  A Type-III functional response 
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may have impacted the estimated predation rates experienced by prey species, especially 

at low prey abundances.   

The multispecies statistical catch-at-age model developed here incorporates nine 

commercially-important fish species.  However, other fish and invertebrate species, 

including sand lance (Link and Garrison 2002a) and squid (Moustahfid et al. 2009b), 

represent important prey species on the Northeast U.S. Continental Shelf.  The necessity 

for both fishery-dependent and fishery-independent age-structured data prevented the 

inclusion of these species into the multispecies statistical catch-at-age model.  Yet we 

recognize that these species represented notable portions of predator diets, especially 

when herring and mackerel abundances were near their minima. Similarly, age-0 

individuals were not incorporated into the model due to their absence in commercial 

catches.  Yet, we recognize that M2 rates are likely to be greatest on age-0 individuals 

due to the size-selective nature of predation.   

The model also does not incorporate marine mammals or other large predatory 

species. Recent estimates of marine mammal consumption on the northeast U.S. shelf 

suggested that total consumption was significantly greater than commercial catches of the 

six prey groups investigated, which included small and large gadids, clupeids, flatfish, 

scrombrids and squids (Col 2012).  Furthermore, in the Gulf of Maine / Georges Bank 

region, marine mammals are large consumers of herring, second only to demersal fish 

(Overholtz and Link 2007).  With current management, it is possible that marine mammal 

populations may increase. As such, their potential impact on the dynamics of fish species 

would become more pronounced, enhancing the need for their inclusion in multispecies 
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models.  However, their incorporation into multispecies and ecosystem modeling efforts 

is not straightforward due to very limited time series of required abundance and diet data. 

Consistent with previous multispecies modeling efforts on the Northeast U.S. 

Continental Shelf, the multispecies statistical catch-at-age model developed in this study 

demonstrates the strong impact of predation on community dynamics.  For the principal 

forage species in this ecosystem, herring and silver hake, the losses due to predation 

greatly exceed commercial landings.  This trend is not uncommon among ecosystems 

(Bax 1991, 1998) and further indicates that predation can have a marked influence on the 

dynamics of prey species. 

While the principal finding of the strong impact of predation remains the same, 

some details including species-specific predation mortality rates and trends in the 

dominant predator differ from previous studies.  These differences could arise from 

assumptions regarding the geographic range included in the model, the time step at which 

the model was implemented (e.g. annual versus quarterly) or the species set included in 

the model.  Many of the geographic ranges of the nine modeled species encompass a 

greater area than just Georges Bank. Furthermore, within their geographic ranges many 

species also undergo extensive seasonal migrations.  These factors could impact 

abundance estimates of both predators and prey, consequently influencing estimated rates 

of predation.  Differences could also arise from varying model formulations.  While the 

formulations used here generally follow those of MSVPA, prey suitability in this model 

varies annually due to changes in average individual weight-at-age.  Furthermore, unlike 

many previous multispecies modeling efforts for the NEUS, here we account for 

measurement error in observed catches and statistically estimate model parameters.  As 
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with single-species approaches, a variety of multispecies approaches should be used to 

investigate the dynamics within a particular ecosystem or the potential impacts of 

management scenarios.  Here we provide another possible picture of the ecosystem as 

well as further evidence of the strong impact of predation.  

The predation mortality rates estimated for the prey species on Georges Bank are 

substantial and exhibit both considerable temporal and ontogenetic variation.  

Accordingly, the consequence of structural uncertainty and the use of single-species 

approaches that assume constant rates of natural mortality in systems strongly impacted 

by predation merits further investigation.  It must also be recognized that a multispecies 

approach should not replace single-species management, but should instead be used to 

enhance and supplement single-species models (Quinn and Collie 2005).  Model 

sensitivity to dataset weights in the likelihood function as well as initial parameter 

estimates demonstrates the tradeoff between increased biological realism and increased 

uncertainty in parameter estimation.  Nonetheless, the statistical estimation of species-

specific predation mortality rates within a complex ecosystem such as Georges Bank is 

feasible.  Additional work should be conducted that uses the food-selection parameters 

quantified here to explore how these trophic interactions and various fishing scenarios 

could impact future community dynamics.   
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Table 1. Input data sources for each species. 

Species 
Total commercial 

catch 
Total survey 

catch 
Commercial catch age 
(length) proportions 

Survey catch age 
(length) proportions Weight-at-age Length-at-age 

Atlantic cod NEFSC 2008 NEFSC 2008 NEFSC 20081 NEFSC 20081 NEFSC 2008 Penttila et al. 1989 
Atlantic herring Shepherd et al. 

2009 
Shepherd et al. 
20093 

1978-2007: Overholtz 
et al. 20041   
2003-2007: missing 

Shepherd et al. 20091, 3 Shepherd et al. 2009 Penttila et al. 1989 

Atlantic 
mackerel 

Grégoire and 
Maguire 2010b 

Grégoire and 
Maguire 2010a3 

Grégoire and Maguire 
2010b1 

Grégoire and Maguire 
2010a1, 3 

Grégoire and Maguire 
2010b 

Penttila et al. 1989 

Goosefish NEFSC 2010 NEFSC 20103 1994-2007:  NEFSC 
database2, Age length 
key(NEFSC 2010);   
1978-1993:  missing 

NEFSC database2, 3,  
Age length key 
(NEFSC 2010)  

Time-invariant:  
Mean length-at-age, 
Length-weight 
parameters (Richards 
et al. 2008) 

Richards et al. 
2008 

Pollock NEFSC 2010 NEFSC 20103 NEFSC 20101 NEFSC 20101, 3 NEFSC 2010 Penttila et al. 1989 
Silver hake NEFSC database4 NEFSC database 1978-1999: Brodziak et 

al. 20011;   
2000-2007: average 
proportions5  

1978-2004: NEFSC 
database1;   
2005-2007: average 
proportions5 

1978-1999: Brodziak 
et al. 2001;  
2000-2007: average 
weight-at-age 

Penttila et al. 1989 

Spiny dogfish Sosebee et al. 
2010 

NEFSC database 1982-2007:  NEFSC 
Database2 
1978-1981: average 
proportions5  

NEFSC database2 Time Invariant:   
Von Bertalanffy 
parameters 
(Nammack et al. 
1985), Length-weight 
parameters (Wigley et 
al. 2003)  

Nammack et al. 
19856 

White hake NEFSC 2008 NEFSC 20083 1989-2007: NEFSC 
20081 
1978-1988: missing 

1982-2007: NEFSC 
20081, 3 
1978-1981: average 
proportions5 

1989-2007: NEFSC 
2008 
1978-1988: average 
proportions 

Sosebee, unpub. 
data 
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Species 
Total commercial 

catch 
Total survey 

catch 
Commercial catch age 
(length) proportions 

Survey catch age 
(length) proportions Weight-at-age Length-at-age 

Winter skate NEFSC database7 NEFSC database8 N/A NEFSC database2,8 Time invariant: 
Length-weight 
parameters (Frisk and 
Miller 2006), Von 
Bertalanffy 
parameters (Frisk et 
al. 2010)  

 Frisk et al. 2010 

1Age proportions 
2Length proportions  
3Survey catches were estimated for a wider geographic area than just Georges Bank; therefore, we assumed catches were representative of solely Georges 
Bank as well. 
4Discards not available 
5Average age-structure was used for years with missing data to minimize parameter confounding 
6Averaged over sex 
7Following Frisk et al. (2010), total skate recorded landings were assumed to be solely winter skate to scale landings for under-reporting.  Likewise, the annual 
ratio of winter skate to little skate relative abundance from the NMFS trawl survey was used to estimate the proportion of total skate discards that represented 
winter skate in each year. 

8Following Frisk et al. (2010), winter skate trawl survey indices only included individuals of 30 cm total length or greater due to identification difficulties of 
small skates. 
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Table 2.  Biological assumptions made for each modeled species.  M1 represents the residual natural mortality rate assumed in the 
multispecies model.  

  
  

 
Ages with estimated 

selectivity parameters 
Species Ages M1 Average proportion on GB NFMS trawl surveys survey fishery 
Atlantic cod   1 – 10 0.2 N/A: unit stock Fall 1 - 2 1 - 3 
Atlantic herring 1 – 6 0.1 0.119 Spring 1 2 
Atlantic mackerel   1 – 10 0.1 0.097 Spring 1 1 - 5 
Goosefish   1 – 10 0.3 0.089 Spring/Fall 1 - 5 1 - 6 
Pollock 1 – 9 0.2 0.165 Spring/Fall 1 - 5 1 - 7 
Silver hake 1 – 6 0.05 0.165 Fall 1 1 - 2 
Spiny dogfish   0 – 30 0.092 0.103 Spring/Fall 1 - 3 13 - 14 
White hake 1 – 7 0.2 Linear relationship1 Spring/Fall 1 - 3 1 - 2 
Winter skate  1 - 21 0.1 0.644 Spring/Fall 1 - 3 1 - 3 
1White hake linear relationship:  ܲ݊݅ݐݎݎ ൌ െ0.00094 ∗ ݎܽ݁ݕ  1.90 
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Table 3: Size-preference coefficients estimated for each predator species from the 
observed distribution of logged (base e) predator-prey weight ratios. 

 

 

 

 

   

  

Spiny dogfish 3.673 1.021 3.137
Winter skate 6.746 1.335 1.286
Goosefish 2.719 0.877 2.241
Cod 3.788 0.672 2.254
Pollock 4.400 0.769 2.052
White hake 1.950 0.266 2.845
Silver hake 2.100 0.520 2.304
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Figure 1.  Predation interactions between the nine modeled Georges Bank fish species.  
The arrows point from prey to predator species. 
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Figure 2: Observed (open circles) and predicted (lines) distribution of the logged ratio of 
predator-to-prey weight for each predator species.   
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Figure 3: Age-specific predation mortality rates for each prey species.  Each line 
represents an age class.  
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Figure 4: Total annual catch (solid line) and biomass consumed (dashed line) of each 
prey species. 
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Figure 5: Total annual species-specific biomass (solid line) and consumption (dotted line) 
of all prey species, including other food.  Consumption by herring or mackerel was not 
calculated. 
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Figure 6: Total annual consumption (thousands of metric tons) of modeled prey species 
by each predator species.  
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Figure 7: Annual predator-specific consumption (thousands of metric tons) of each prey 
species.   
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Figure 8: Prey species-preference coefficients for each species interaction. 
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SUPPLEMENTAL MATERIAL  

 

 

Figure S1: Total annual fisheries catch (thousands of metric tons) for each modeled 
species.  In the multispecies formulation, spiny dogfish and winter skate catches do not 
exhibit any deviations because their dynamics were assumed to be known inputs. 

   

0

1

2

3

4

5
Spiny dogfish

0

20

40

60

80

Winter skate

0.0

0.5

1.0

1.5

2.0

2.5

Goosefish

0

20

40

60

Cod

0

1

2

3

4

5

6

Mackerel

0

1

2

3

4

Pollock

0.0

0.1

0.2

0.3

0.4

1978 1988 1998 2008

White hake

0

1

2

3

4

5

6

1978 1988 1998 2008

Silver hake

0

10

20

30

40

50

1978 1988 1998 2008

Herring

Year

T
ho

us
an

ds
 o

f 
m

et
ric

 t
on

s



 

127 
 

 

Figure S2: Total fishery-independent survey catch from the spring (a) and fall (b) NEFSC 
bottom trawl surveys.  For the spring survey, silver hake and cod survey catches were not 
included in the objective function; herring and mackerel catches were not included for the 
fall survey.   
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Figure S3: Observed average predator diet composition by age, represented as the 
proportion by weight of a particular prey item to the total stomach-content weight.

1 5 9 13 18 23 28

0.0

0.2

0.4

0.6

0.8

1.0
Spiny dogfish

1 4 7 10 14 18

0.0

0.2

0.4

0.6

0.8

1.0
Winter skate

1 3 5 7 9

0.0

0.2

0.4

0.6

0.8

1.0
Goosefish

1 3 5 7 9

0.0

0.2

0.4

0.6

0.8

1.0
Cod

1 2 3 4 5 6 7 8 9

0.0

0.2

0.4

0.6

0.8

1.0
Pollock

1 2 3 4 5 6 7

0.0

0.2

0.4

0.6

0.8

1.0
White hake

1 2 3 4 5 6

0.0

0.2

0.4

0.6

0.8

1.0
Silver hake

Prey species

Goosefish
Cod
Mackerel
White hake
Silver hake
Herring
Other

Age

P
ro

po
rt

io
n 

by
 w

ei
gh

t



 

129 
 

 

Figure S4: Predicted average predator diet composition by age, represented as the 
proportion by weight of a particular prey item to the total stomach-content weight
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Figure S5: Predicted average predator diet composition of modeled fish species in each 
year, represented as the proportion by weight of a particular prey item to the total weight 
of modeled fish prey consumed.  
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Figure S6: Silver hake observed (circles) and predicted (line) proportions-at-age of the 
spring trawl survey. 
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Figure S7: Goosefish observed (circles) and predicted (line) proportions-at-age of the 
spring trawl survey. 
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ABSTRACT 

A key tenet to an ecosystem approach to fisheries is the explicit consideration of 

multiple, and potentially conflicting, objectives.  Here we use stochastic forward 

projections to examine biomass trade-offs and the consequences of various fishing 

scenarios, while accounting for predation interactions among species.  Forward 

projections are developed with a multispecies statistical catch-at-age model that 

incorporates nine fish species within the Georges Bank community.  In particular, we 

explore the role of principal prey and intermediate predator-prey species.  Stochastic 

projections indicated strong interactions among modeled species, though the interactions 

were not always direct.  Examples of indirect interactions included the effect of goosefish 

on herring and similarly, the impact of goosefish on white hake.  Consequently, 

population responses to fishing were a function of not only the rates of fishing, but also 

of these direct and indirect interactions among species.  Further work is warranted to 

explore the sensitivity of projections to differing assumptions regarding recruitment and 

predator functional response.  Yet, this framework represents a useful tool for 

investigating fisheries management scenarios within a multispecies framework. 

 

KEYWORDS 

stochastic forward projections, Georges Bank, multispecies statistical catch-at-age model  
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INTRODUCTION 

A key tenet to an ecosystem approach to fisheries is the explicit consideration of 

interactions among ecosystem components (Link 2010, Link et al. 2011).  These 

interactions include the impacts of fishing and other stressors on ecosystem structure and 

function (Link et al. 2008a) as well as conflicting objectives among stakeholders (Link 

2002).  Biomass interactions can arise from predatory interactions between multiple fish 

species or competition among predator species and humans for forage fish species.  

Within marine fisheries, there are several examples of potential biomass trade-offs, 

including striped bass and menhaden in the mid-Atlantic (Uphoff 2003), marine 

mammals and groundfish off of the east coast of Canada (Fu et al. 2001), replacement of 

gadids and flatfish by “under-appreciated” species such as goosefish on the Northeast 

U.S. (NEUS) Continental Shelf (Link 2007), and competition between piscivores and the 

fisheries for prey species (Link and Sosebee 2008, Overholtz et al. 2008, Moustahfid et 

al. 2009a).  Some studies have suggested that the single-species estimates of MSY cannot 

be simultaneously attained for each species within a system due to species interactions 

and energetic constraints (May et al. 1979, Link et al. 2008b, NEFSC 2008, Link 2010).  

This possible constraint exemplifies the need to explicitly address biomass trade-offs 

among species.   

The current fish community structure on Georges Bank is profoundly different than 

it was half of a century ago; high levels of exploitation by both distant-water and 

domestic fleets resulted in marked changes in ecosystem structure (Fogarty and 

Murawski 1998, Link et al. 2002a, EcoAP 2009).  The community is now largely 

dominated by both pelagic and elasmobranch species, in contrast to a primarily demersal 
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community with high abundances of groundfish before the severe exploitation increase of 

the second half of the twentieth century (Link et al. 2008a, EcoAP2009).  Multiple 

studies have indicated that the dominant piscivore has shifted from cod to spiny dogfish 

or goosefish (Link and Garrison 2002, Link 2007, Overholtz and Link 2007).  In addition, 

pelagic fish species such as herring and mackerel are considered to be critical forage 

species within the ecosystem (Link et al. 2008a, Link et al. 2008b).  While the species 

composition of the NEUS ecosystem has changed considerably, several food-web 

properties, such as the biomass of aggregate species groups, have remained relatively 

constant, indicating a highly connected, resilient system (Link et al. 2008a, Link et al. 

2008b, Auster and Link 2009). 

Within the NEUS ecosystem, a variety of approaches have been used to incorporate 

species interactions into population dynamic models to evaluate the predation losses 

experienced by prey species.  Collectively, these studies have demonstrated that 

predation is a dominant source of mortality; predatory losses often exceed fishery 

landings and can regulate the dynamics of prey species (Tsou and Collie 2001, Overholtz 

and Link 2007, Tyrrell et al. 2008, Moustahfid et al. 2009b).  Through the development 

of a multispecies statistical catch-at-age model (Chapters 1 and 2), we have further 

demonstrated the role of predation on Georges Bank.  We have demonstrated that 

predation varies both temporally and ontogenetically, and that for the forage species, 

losses due to predation generally exceed those due to fishing.  The present reauthorization 

of the Magnuson-Stevens Fisheries Conservation and Management Act (MSFCMA; 

Public Law 94-265) calls for overfished stocks to be rebuilt within ten years unless 

biology or environmental conditions dictate otherwise.  Due to the strong influence of 
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predation, the recovery of depleted stocks within the Georges Bank ecosystem may make 

biomass trade-offs, especially those involving forage fish populations, more pronounced.   

While numerous multispecies and ecosystem models have been developed within 

fisheries research, the use of these models in fisheries management is still rare (Link 

2010).  However, it is noteworthy that several of the national fishery management 

councils are moving toward using these models to augment single-species methods.  

Within a multispecies or ecosystem framework, several tools have been developed for 

conducting forward projections, including Multispecies Forward Projection Model 

(MSFOR), Ecosim, and Management Strategy Evaluation (MSE) within Atlantis 

(Plagányi 2007).  The MSFOR extends multispecies virtual population analysis 

(MSVPA) into a deterministic multispecies forecasting model (Sparholt 1994); however, 

some applications have extended the approach to incorporate stochasticity in recruitment 

(Gislason 1991).  Ecosim was developed as a dynamic extension to Ecopath, and 

reformulates Ecopath’s mass-balance equations into differential equations that include 

trophic interactions and harvest regimes (Walters et al. 1997).  Atlantis employs MSE as 

the simulation framework, incorporating decision rules and resulting management actions 

(Fulton et al. 2011). 

During the development of the multispecies statistical catch-at-age model, we 

characterized the interactions between Georges Bank fish species.  In this manuscript, we 

use stochastic forward projections to explore the implications of various management 

scenarios and to examine the biomass trade-offs that arise from predation.  Stochastic 

projections are of intermediate complexity between MSFOR and MSE within Atlantis.  

While this approach accounts for recruitment stochasticity as well as uncertainty in some 
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of the food-selection parameters, it does not incorporate the full ecosystem, fishing fleets, 

or harvest control rules.   

The focus of the forward projections is to explore the consequences of different 

fishing scenarios within the Georges Bank fish community while accounting for 

predation.  In particular, we explore the role of principal prey and intermediate predator-

prey species within the community (Figure 1).  The impact of species interactions on top 

predator species could not be elucidated because these species were not food or growth 

limited within the multispecies formulation.  Furthermore, in order to understand the 

impact of fisheries in an ecosystem context, the role of small pelagics must be understood 

(Link et al. 2008b).  To this end, projections were used to explore two general 

management scenarios: 

1.  The response of prey populations when predator species are driven to low abundance 

levels with fishing, and  

2. The response of prey populations if predator species currently at low levels of 

abundance recover. 

Georges Bank is a complex, highly connected ecosystem (Link 1999, Link et al. 

2008b).  If the ecosystem were adequately represented by a simple trophic chain, one 

would expect prey populations to simply increase to higher equilibrium abundances due 

to a release in predation pressure if predators were driven to low abundance levels.  

Conversely, if predator species currently at low abundance levels were to recover, we 

would expect that prey populations could not be fished as heavily due to increased losses 

due to predation.  However, since the Georges Bank community is a complex food web, 
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we expect that community responses to fishing will not always be straightforward or 

direct.  

 

METHODS 

Forward projections were conducted with the multispecies statistical catch-at-age 

model developed in the first two chapters.  With the exception of the calculation of 

spawning stock biomass (SSB) and recruitment, model formulations remained the same 

as those described for the full 9-species model. 

Projections incorporated uncertainty in both species-preference coefficients as well 

as age-specific abundance in the first year.  To characterize this uncertainty, Markov 

Chain Monte Carlo (MCMC) simulations were conducted for the 9-species multispecies 

model.  Since spiny dogfish and winter skate abundances were considered to be known 

values in the multispecies model, MCMC simulations were conducted with the final 

single-species runs to estimate the posterior distributions for predicted age-specific 

abundances of the elasmobranch species.  One-million simulations were conducted for 

each single-species elasmobranch model, and 396,000 were conducted for the 

multispecies model.  For each MCMC analysis, the results from every 100th simulation 

were saved and the first 10,000 simulations were discarded to account for the burn-in 

process (Figure S1 – Figure S10). 

Recent five-year averages of weight-at-age were used to represent future age-

specific weights in the projections.  Likewise, consumption estimates from the most 

recent ten-year bin were used in the projection runs.  Estimates of fishery selectivity were 

obtained from the final 9-species run.   
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Estimates of age-specific maturity were obtained from multiple sources.  For 

species that have been recently assessed with age-structured models (cod, herring, 

mackerel, white hake and pollock), age-specific maturity estimates were obtained from 

the most recent age-structured assessments.  For goosefish and winter skate, maturity 

ogives were constructed from published maturation rates (goosefish: Richards et al. 2008; 

winter skate: Frisk et al. 2010).  Published maturation rates were sex-specific for 

goosefish; therefore, separate sex-specific maturity ogives were first constructed and then 

averaged to obtain one sex-invariant estimate of the proportion mature-at-age.  Previous 

spiny dogfish single-species assessments assumed a jackknife maturity at 80 cm for 

females.  A jackknife maturity at 80 cm was assumed for all spiny dogfish individuals in 

this application.  For silver hake, a maturity ogive was obtained from recent work 

examining the current knowledge of U.S. hake stocks (Helser and Alade 2012). 

For many of the modeled species, predicted stock and recruitment estimates did not 

follow traditional stock-recruitment relationships, such as the Beverton and Holt or 

Ricker formulations (Figure 2).  As a consequence, generalizations of the hockey stick 

model including a bent-hyperbola (Mesnil and Rochet 2010) and quadratic hockey stick 

(Barrowman and Myers 2000) were fit to the stock-recruitment data series.  For cod, 

herring and mackerel, the estimated spawning stock at which recruitment became 

constant (S*) fell within the range of spawning stock values predicted in the multispecies 

model.  For these three species, S* was initially set to the value estimated by each 

species-specific hockey stick model.  For the remaining species, the predicted S* fell 

outside of the range of predicted spawning stock levels.  In these cases, S* was set to the 

lowest spawning stock level predicted in the multispecies model for the teleost species 
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and in the single-species model for the elasmobranchs.  Recruitment was sampled from 

an empirical cumulative distribution function based on predicted recruitment from the 

statistical-catch-at-age models.  At spawning stock levels greater than or equal to S*, 

recruitment was set to the sampled value.  At spawning stock levels below S*, sampled 

recruitment was prorated so that recruitment declined linearly to zero.  Recruitment 

estimation using an empirical cumulative distribution function implies that historical 

stock productivity is representative of future stock productivity. 

However, when these empirical hockey-stick stock-recruitment models were used 

in a preliminary base run without fishing, all nine species did not coexist.  Silver hake 

collapsed in every iteration, while mackerel, herring and cod collapsed in some iterations.  

To achieve a base run in which all nine species coexisted in the absence of fishing, S* 

was set to the minimum SSB predicted in the 9-species model for all species but silver 

hake and herring.  For these two prey species, S* had to be reduced to 30% of the 

minimum SSB in order for the species to persist throughout the simulation (Figure 2).  

This run was considered the unfished base run for comparison of subsequent projection 

scenarios.  

Several projections were conducted to explore specific biomass trade-offs within 

the two general scenarios discussed above.  Each projection was run for 100 years and for 

each projection scenario, 300 iterations were conducted.  For each iteration, recruitment 

was randomly selected from the empirical cumulative distribution function and a MCMC 

chain was selected to provide estimates of initial abundances and species-preference 

coefficients. 
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As a status-quo scenario, each species was fished at the rate of fishing predicted in 

the last year of the 9-species model (Table 1).  To establish a base fishing scenario, each 

species was fished at approximately the fishing mortality rate estimated to provide the 

single-species maximum sustainable yield (MSY) or a proxy of MSY, obtained from 

recent stock assessments.  For silver hake and winter skate, F-based biological reference 

points were not available.  Since these two species are not considered to be overfished, 

the fishing mortality rate predicted in the last year of the 9-species model was used to 

approximate the biological reference point.  The initial goal was to establish a base 

fishing run using estimates of single-species fishing mortality-based reference points, 

with the fishing mortality rates in this base fishing run subsequently used as the basis for 

future projections.  However, in initial projections with this scenario, goosefish collapsed 

when fished at its single-species FMSY.  Accordingly, goosefish fishing mortality was 

reduced to one-half of FMSY for the base fishing run (Table 1).  

To further examine trade-offs, modeled fish species were grouped into three 

functional groups: top predators, intermediate predators and prey species (Figure 1).  Top 

predators included spiny dogfish, winter skate, and pollock.  Intermediate predators 

represented species that were both predators and prey and included goosefish, cod and 

white hake.  Prey species represented those species that were primarily prey to piscivores 

and included herring, mackerel and silver hake.  While silver hake was both a predator 

and prey in this model formulation, it was classified as a prey species due to the high 

predation mortality rates estimated in the 9-species model (Chapter 2).  

To examine species’ responses to various fishing scenarios, the base fishing and 

unfished projections were used to establish benchmarks related to SSB and commercial 
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catch.  The benchmark indicating a severely depleted stock was defined as 10% of the 

unfished equilibrium level, and will subsequently be referred to as SSB10%. This 

benchmark is consistent with that used in recent work investigating the status and trends 

of marine fisheries (Worm et al. 2009).  A species was classified as severely depleted if 

the median SSB, averaged over the last five years of the projection, fell below this 

benchmark.  Preliminary analyses explored using the median SSB in the final year of the 

projection as the metric instead of averaging over the last five years.  The final status of 

the species was robust to the metric used.  

Likewise, 25% of the unfished equilibrium spawning biomass, SSB25%, was 

considered a limit reference point.  This benchmark is defined as the minimum stock size 

threshold within National Standard 1 of the MSFCMA; stocks are considered overfished 

if spawning biomass falls below this benchmark.  A set of target reference points was 

developed using the base fishing scenario.  Since the fishing mortality rates used in this 

projection were assumed to approximate FMSY, it follows that the corresponding 

equilibrium SSB and catch from the base fishing run represent SSBMSY and MSY. 

To investigate the impact of driving predator populations to low abundance levels, 

we fished down the food web (Table 1).  In a first set of projections, we heavily fished 

the top predator species at 3-times their base fishing rates, investigating the impact on 

lower trophic levels.  In a second set of projections, we fished both top and intermediate 

predator functional groups at three times their base fishing rates to determine the impact 

on the principal prey species.  

The results of the 9-species model developed in Chapter 2 (hereafter referred to as 

the “key run”) suggested that goosefish was the dominant predator of cod, mackerel and 
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silver hake, whereas cod was the dominant predator of white hake and herring.  

Accordingly, the abundance of these intermediate predator species would have the 

greatest impact on prey species dynamics.  To investigate the impact of recovered 

predator species, we therefore ran a set of projections in which the top predators were 

fished at 3-times their base rate of fishing, intermediate predators were not fished at all, 

and prey fishing rates were incrementally increased (Table 1).  Our rationale was that 

minimizing the abundance of top predators would result in the greatest abundances of 

intermediate predators, thereby having the maximum possible impact on prey species. 

We sought to determine the level of fishing at which prey species could be sustainably 

fished, given that their principal predators were at or near the highest levels of abundance 

possible.  A sustainable level of fishing was defined as a fishing mortality rate that did 

not cause the spawning stock biomass of a particular population to fall below the SSB25% 

benchmark.  Due to the importance of goosefish as predators to both intermediate 

predator and prey species groups, we conducted an additional set of projections in which 

goosefish were heavily fished at three-times their base rate, top predators were not fished, 

and fishing on remaining intermediate predator and prey species was sequentially 

increased (Table 1).  The objective of this set of projections was to examine the potential 

role of goosefish in structuring community dynamics.  

 

RESULTS 

In the absence of fishing, top and intermediate predators generally increased to an 

equilibrium level of biomass (Figure 3).  The exception was goosefish, whose biomass 

slightly decreased to a lower equilibrium biomass level.  Winter skate biomass increased 
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by over an order of magnitude even though winter skate fishing mortality in the last year 

of the 9-species key run was only 0.17.  This high sensitivity to even small changes in 

fishing mortality was due to a large difference between maturity and fishery selectivity 

ogives.  Age of 50% maturity was obtained from Frisk et al. (2010) and set at age-11.  

However, in the 9-species key run, full recruitment to the fishery was estimated at age-4.  

As a consequence, increases in F increased the removal of immature individuals from the 

population, thereby intensifying the impacts of fishing.  In the base run, the three prey 

species achieved equilibrium at a spawning stock biomass lower than that estimated in 

the final year of the 9-species key run.   

As in the 9-species key run, the dominant predator species for cod, silver hake and 

mackerel was goosefish, and that of herring was still cod (Figure 4).  However, in 

contrast to the 9-species key run cannibalism replaced cod as the dominant source of 

predation on white hake as white hake recovered from fishing. Due to marked increases 

in the biomass of elasmobranchs, these species became more prominent predators, 

especially for silver hake, but they still did not represent dominant predators at the 

community level.  

In this unfished base run, SSB levels at the end of the projection remained greater 

than the species-specific SSB10% benchmarks for all nine species (Figure 5).  Final SSB 

estimates were also greater than the target reference points for both top and intermediate 

predator species, but lower than SSBMSY for the principal prey species.  It is noteworthy 

that for all of the teleost species, SSBMSY was greater than SSB25%, and SSB10%, though 

the difference in magnitude between the various reference points varied among species.  

However, for the elasmobranch species, SSBMSY was lower than SSB25% for spiny 
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dogfish and lower than both SSB25% and SSB10% for winter skate.  For these species, 

SSBMSY was lower than one or both of the benchmarks related to virgin biomass due to 

the large difference in equilibrium biomass between the unfished and base fishing 

projections, especially for winter skate.  

The difference between initial and equilibrium biomasses in the unfished base run 

for many of the predator species was due to the recovery of these populations from 

fishing (Figure 3).  For goosefish, there was a balance between more favorable conditions 

from a single-species perspective due to the absence of fishing, and added predation 

losses due to the increased biomass of spiny dogfish, it’s only predator.  Both cod and 

white hake biomasses were sufficiently low in the last year of the 9-species key run that 

when fishing was terminated they achieved a greater equilibrium biomass even though 

the biomass of some of their predators increased.  Furthermore, for cod the decline in 

goosefish biomass, cod’s principal predator, further reduced the total mortality 

experienced.  For the prey species, the difference between initial and equilibrium biomass 

levels was a consequence of greater predation losses from recovered predator 

populations.    

When fishing was either maintained at the status quo or introduced at species-

specific base fishing rates, the biomasses of the top predators declined to stable equilibria 

with declines in proportion to the change in the rate of fishing (Figure 5, Figure S11).  In 

both projections, winter skate biomass fell below all benchmarks due to its high 

vulnerability to fishing.  Spiny dogfish and pollock biomass remained above all 

benchmarks in the status-quo scenario, but fell below limit or target reference points 

when subjected to their base fishing rates.   
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For the intermediate predators, declines in predation between the projections with 

and without fishing were not able to compensate for notable increases in fishing 

mortality, resulting in decreased equilibrium biomass levels.  This decrease in cod and 

white hake equilibrium biomass was sufficient to drive SSB below the MSY reference 

point.  Goosefish equilibrium biomass only declined slightly due to the low fishing 

mortality rate in the status-quo scenario.  However, between the status-quo and base 

fishing scenarios, changes in equilibrium biomass varied and were a function of both 

predator abundance and the magnitude of change in fishing mortality.  Goosefish biomass 

declined and catch increased due to a further increase in fishing mortality (Figure 5, 

Figure 6, Table 1).  Similarly, white hake biomass increased and catch decreased due to a 

decrease in fishing mortality.  However, while cod fishing mortality declined slightly, 

both its biomass and catch increased due to decreased predation pressure by goosefish.  

Even with reduced biomass in the base fishing scenario, goosefish remained the dominant 

predator of cod (Figure S13).  

Due to declines in the equilibrium biomass of all predator species between the 

unfished and status-quo scenarios, the biomass of all primary prey species increased 

(Figure 5).  For mackerel and herring, this increase was sufficient for SSB to rise slightly 

above that associated with MSY, even though herring catch exceeded MSY (Figure 6).  

Like the intermediate predator group, changes in prey biomass between the status quo 

and base fishing projections varied among species.  For both mackerel and herring, 

equilibrium biomass slightly declined.  In the case of mackerel, this decline was due to an 

increase in fishing mortality, while the decline in herring was due to increased 

consumption by cod and silver hake resulting from increased biomass levels (Table 1, 
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Figure S12, Figure S13).  Increased silver hake biomass and catches were due to 

decreased predation pressure; fishing mortality did not change between the status quo and 

base fishing scenarios.  

As fishing was increased on the top predator functional group to rates two- and 

three-times those of the base fishing scenario, the biomass and catch of top predators 

precipitously declined to levels below both the target and severely depleted (SSB10%) 

benchmarks (Figure 7, Figure 8).  Among the intermediate predators, goosefish biomass 

increased, while cod decreased slightly and white hake remained approximately constant.  

Increased goosefish biomass was due to decreased predation by spiny dogfish, while the 

small decrease in cod biomass was due to increased predation by goosefish (Figure S13, 

Figure S14).  White hake biomass did not notably change because the biomasses of its 

predators, conspecifics and cod, also did not vary considerably between scenarios.  

Mackerel and silver hake biomasses remained approximately the same because the three 

top predators were not responsible for the majority of their predation losses.  

Consequently, the total biomass consumed of these species did not change markedly; 

decreased consumption by the top predator species was compensated by an increase in 

consumption by goosefish.  In contrast, the elasmobranch species, while still not 

dominant predators, were responsible for a greater proportion of the biomass consumed 

of herring than silver hake in the base fishing projection (Figure S13).  Accordingly, 

when top predators were heavily fished, herring biomass increased to above SSBMSY due 

to decreased consumption by both the elasmobranch species and cod (Figure 7).  Across 

all species, trends in commercial catch generally followed trends in SSB as the top 

predators were fished down (Figure 8). 
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With the top predators severely depleted, impacts of increased fishing of the 

intermediate predator group varied considerably among species.  As fishing increased to 

two and three-times the base levels, goosefish exhibited precipitous declines in both SSB 

and total catch to levels below both target and SSB10% reference points (Figure 7, Figure 

8).  In contrast, cod and white hake biomasses both fell below SSBMSY as catches 

increased, though the magnitude of these changes was less pronounced than that of 

goosefish.  For these two gadid species, SSB remained above the SSB25% overfishing 

benchmark.  For cod, the impacts of added fishing losses were tempered by an 

exponential decline in predation pressure by goosefish (Figure 9).  Fishing losses for 

white hake were similarly mediated by a general decline in both cannibalism and 

predation by cod. 

As the biomass of goosefish declined, both silver hake biomass and commercial 

catch increased to levels exceeding the MSY-based reference points (Figure 7, Figure 8).  

Total consumption of silver hake decreased slightly, but most notably its dominant source 

of predation shifted from goosefish to cannibalism (Figure 9).  With these changes in 

silver hake and goosefish, mackerel biomass initially remained constant (T3 vs IT2 

projections) due to a balance between decreased goosefish consumption and increased 

silver hake predation.  However, as silver hake SSB continued to increase, mackerel 

biomass and catch both fell below the MSY reference points due to increased predation 

pressure (Figure 7, Figure 8).  Like mackerel, herring exhibited similar biomass trends 

due to declining goosefish and cod consumption as well as increased silver hake 

predation, though its biomass and catch both remained above MSY-based reference 

points in all projections. 
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To examine how heavily the principal prey species could be fished when their 

dominant predators were near their maximum abundance levels, top predators were 

effectively eliminated from the community by fishing and intermediate predators were 

not fished.  As a result, goosefish SSB increased substantially, though changes in cod and 

white hake were less pronounced (Figure 10).  White hake abundance also increased, but 

cod SSB actually decreased slightly below SSBMSY due to increased goosefish predation.  

Trends in the dominant predators remained unchanged from the base fishing scenario.  As 

fishing on the principal prey species was increased, prey biomass declined but not nearly 

at rates comparable to the rate of increase in fishing mortality (Figure 10).  The increase 

in losses due to fishing was partly balanced by a decline in the biomass consumed of 

these prey species.  At fishing levels 30-times the base rates (fishing mortality rates of 

4.8, 6.3 and 7.2 for mackerel, herring and silver hake, respectively), only mackerel SSB 

fell below the SSB25% benchmark and none of the prey species were considered severely 

depleted.  These fishing mortality rates likely are not biologically realistic, which may be 

in part due to assumptions regarding recruitment, discussed below.  Herring did not 

become severely depleted until goosefish was heavily fished along with the top predators 

(G3P), which resulted in a three-fold increase in cod SSB.  In this scenario, cod became 

the dominant predator within the community (Figure S15).  Additionally, white hake SSB 

decreased due to increased consumption by cod and silver hake SSB increased due to 

decreased goosefish consumption. 

When the abundance of goosefish was minimized through fishing, cod could 

experience fishing rates at approximately four-times the base rate of fishing and still 

exhibit a stable SSB greater than the overfishing benchmark (Figure 11).  However, when 
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goosefish was heavily fished and cod abundance was at its maximum (G3), herring 

became severely depleted due to increased cod predation.  At three-times its base rate of 

fishing (S3), the SSB of silver hake remained greater than SSBMSY.  Yet with a moderate 

fishing rate at two-times the base rate for cod and three-times the base rate for silver 

hake, the SSB of herring and mackerel still could not be reduced below SSB25%, even at 

fishing mortality rates five-times their base rates (P5).     

 

DISCUSSION 

Through the use of a multispecies statistical catch-at-age model, we examined the 

impact of several fishing scenarios on the dynamics of the Georges Bank fish community.  

Stochastic projections indicated strong interactions between modeled species, though the 

interactions were not always direct.  One example of an indirect interaction was the 

impact of goosefish on herring.  As goosefish biomass decreased, herring biomass also 

decreased due to increased predation by cod.  As a result, overfishing goosefish permitted 

a community dominated by cod, but at the expense of herring.  Another similar indirect 

interaction was evident between goosefish and white hake.  As goosefish biomass 

decreased, white hake biomass similarly decreased due to increased predation by cod.  

Therefore, as a consequence of the effects of predation, population responses to fishing 

were a function of not only the rate of fishing, but also of both direct and indirect 

interactions among species. 

Within intermediate predator and prey groups, varying trends among projections 

demonstrated the interplay between fishing and predator impacts on prey populations.  

For instance, the increase in both cod spawning stock biomass and commercial catch 
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between the status quo and base fishing scenarios demonstrated the influence of 

predators, in this case goosefish, on prey dynamics because cod fishing mortality 

effectively remained constant between the two scenarios.  Furthermore, when 

intermediate predators were heavily fished after top predators were driven to low 

abundance levels, the impacts of fishing on cod and white hake were tempered by 

changes in the predator community, particularly goosefish.   

The community response when these intermediate predators were fished down also 

demonstrates the high degree of connectivity and indirect linkages within the system.  As 

fishing on intermediate predator species increased, the magnitude of predation losses 

experienced by principal prey species did not vary substantially.  Instead, the decline in 

intermediate predator abundance caused the species responsible for most of the predation 

to vary.  As the biomass of goosefish and cod declined, the dominant predator of both 

mackerel and silver hake shifted from goosefish to silver hake, and that of herring shifted 

from cod to silver hake.  Both mackerel and herring biomass declined as predation by 

silver hake increased; however, this decrease in SSB was more pronounced for mackerel.  

The more notable decline in mackerel over herring was likely due to a greater preference 

by silver hake for mackerel over herring (Chapter 2).     

Multiple studies have demonstrated that the NEUS Continental Shelf is a highly 

connected, complex ecosystem (Link 1999, Garrison and Link 2000a).  Network models 

of the system have indicated a high degree of connectance as well as mixed trophic 

impacts and indirect effects (Link et al. 2008b).  Due to the generalist nature of many 

predators within the community, there are many diffuse interactions among species 

(Garrison and Link 2000c, Smith and Link 2010).  These weak interactions contribute to 
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the stability and resilience of the system (Garrison and Link 2000c, Link et al. 2008b, 

Auster and Link 2009).  The results of the projections developed in this chapter provide 

further support that compensation occurs within trophic guilds or aggregate biomass 

groups due to the high degree of connectivity within the system. 

The results of this work also emphasized the roles of particular species as suggested 

by the 9-species key run (Chapter 2).  Over both the last 30 years as well as in forward 

projections, goosefish represented the dominant predator within the system unless it was 

reduced to a low abundance level through fishing.  Accordingly, these projections support 

work on the trophic ecology and abundance of goosefish suggesting that goosefish is 

functionally replacing cod as the dominant piscivore in the northwest Atlantic (Link 

2007).  Furthermore, even when the abundance of goosefish was at a minimum, neither 

elasmobranch species represented a major predator of the modeled gadid species.  These 

findings lend additional support to work indicating minimal interactions between many 

gadid and elasmobranch species (Link et al. 2002b, Link 2007).  

In this analysis, modeled species were classified into three functional groups: top 

predators, intermediate predators and prey, and principal prey species.  While these 

species classifications helped to simplify the examination of fishing effects on 

community dynamics, the division between functional groups and subsequent response to 

fishing was not clear cut due to the complexity of the Georges Bank food web.  While 

goosefish was classified as an intermediate predator because of predation by spiny 

dogfish, it represented a top predator in terms of the magnitude of consumption of 

modeled fish.  This high degree of piscivory in goosefish is consistent with previous 

studies (NEFSC 2010, Smith and Link 2010).  Likewise, silver hake was designated as a 
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principal prey species due to its high predation mortality estimated by the 9-species key 

run, but silver hake is important as both predator and prey within the NEUS ecosystem 

(Garrison and Link 2000a, b, Link and Garrison 2002).  This overlap among functional 

groups further demonstrates the complexity and indirect trophic links of the Georges 

Bank ecosystem. 

The projections developed in this analysis required assumptions about the 

relationship between spawning stock biomass and recruitment for each species.  In our 

first attempt at a base run, all nine species did not coexist in the absence of fishing.  

Reducing the specified spawning stock biomass level at which recruitment began to 

decline (S*) permitted all nine species to coexist.  However, this adjustment also caused 

some species to become overly robust to the impacts of fishing.  A key example is the 

predicted response of the principal prey species to fishing.  As fishing increased, prey 

SSB declined below SSBMSY; however, it was nearly impossible to fish the populations to 

levels below SSB25%.  Herring only became severely depleted when goosefish was 

heavily fished, due to severe predation pressure by cod.  Clearly, neither of the above 

outcomes is realistic; all species do coexist within the community, albeit at different 

levels of abundance, and fishing does exert a strong impact on population dynamics.  

Consequently, this example illustrates the sensitivity of projection results to the assumed 

relationship between stock and recruitment.  Furthermore, assumptions about the 

relationship between spawning stock biomass and recruitment are particularly important 

in projections that drive populations to low levels of abundance.   

Part of the sensitivity encountered during the development of a base run may have 

also been a consequence of assumptions regarding predator functional response.  In this 
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model, we assumed a Type-II functional response in which the rate of change in predator 

consumption rates declines monotonically with increasing prey abundance.  In contrast, a 

Type-III functional response permits prey switching and tempers the impacts of predation 

on prey species at low abundances because predators select a disproportionately larger 

proportion of the most abundant prey (Murdoch 1969).  Due to the opportunistic feeding 

patterns of many of the modeled predator species, a Type-III functional response would 

have also been appropriate and may have potentially enhanced population stability and 

coexistence in the initial base run.  The inability for species coexistence was also an issue 

in previous multispecies modeling efforts on Georges Bank.  In particular, Collie and 

Delong (1999) found that a Type-III functional response was necessary in a multispecies 

biomass-dynamics model in order to have all species coexist in the absence of fishing.   

As intermediate predator species were fished to low abundance levels, both silver 

hake SSB and commercial catch increased to levels greater than the MSY-based 

reference points.  The increase in both metrics demonstrates how reference points for 

prey species vary with fluctuations in predator abundance.  Estimated target benchmarks 

were a function of predator biomass in the base fishing scenario.  On the other hand, 

SSB10% and SSB25% were based on equilibrium SSB levels in the unfished scenario.  For 

the principal prey species, equilibrium biomass in the unfished scenario was low 

compared to scenarios with fishing due to severe predation pressure imposed by unfished 

predator species.  Previous studies have demonstrated the sensitivity of biological 

reference points to variation in life-history parameters, especially natural mortality 

(Collie and Gislason 2001).    
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Collectively, the projections conducted here demonstrated that the most important 

drivers of population dynamics varied among species.  For the top predator species as 

well as goosefish, fishing was the most important driver of species dynamics.  In contrast, 

for cod, mackerel, silver hake and herring, both predation and recruitment appeared to be 

important drivers.  In the base scenarios, predation pressure on these species was 

primarily due to goosefish and cod.  The importance of recruitment was evident by the 

lack of species coexistence when S* was set to values estimated by the hockey stick 

models.  Furthermore, in the case of herring, the large magnitude of the 95th percentiles 

of SSB also reflected the large interannual variation in recruitment.  For the two hake 

species, population dynamics were partly self-regulated through cannibalism.  Compared 

to other modeled species, these two species appeared to be relatively robust to the 

impacts of fishing and predation.  Impacts of changes in either predator abundance or the 

imposed rate of fishing were tempered by a change in the degree of cannibalism.   

In this chapter, we explored various fishing scenarios using stochastic forward 

projections.  This projection framework incorporated uncertainty in food-selection 

parameters as well as stochasticity in recruitment.  Further work is warranted to explore 

the sensitivity of projections to differing assumptions regarding recruitment and predator 

functional response.  Yet, the use of forward projections demonstrated trade-offs in 

species abundance and community compositions that arose from different fishing 

patterns.  As such, this framework represents a useful tool for investigating fisheries 

management scenarios within a multispecies framework. 
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Table 1: Species-specific fishing mortality rates assumed in each projection scenario. 

Species Fquo Fbase FT2 FT3 FIT2 FIT3

Spiny Dogfish 0.121 0.207 0.414 0.621 0.621 0.621
Winter skate 0.166 0.166 0.332 0.498 0.498 0.498
Goosefish 0.068 0.185 0.185 0.185 0.37 0.555

Cod 0.266 0.25 0.25 0.25 0.5 0.75
Mackerel 0.060 0.16 0.16 0.16 0.16 0.16
Pollock 0.092 0.22 0.44 0.66 0.66 0.66

White hake 0.241 0.125 0.125 0.125 0.25 0.375
Silver hake 0.241 0.24 0.24 0.24 0.24 0.24

Herring 0.364 0.21 0.21 0.21 0.21 0.21

Species FP1 FP10 FP15 FP30 FG3P

Spiny Dogfish 0.621 0.621 0.621 0.621 0.621
Winter skate 0.498 0.498 0.498 0.498 0.498
Goosefish 0 0 0 0 0.555

Cod 0 0 0 0 0
Mackerel 0.16 1.6 2.4 4.8 4.8
Pollock 0.66 0.66 0.66 0.66 0.66

White hake 0 0 0 0 0
Silver hake 0.24 2.4 3.6 7.2 7.2

Herring 0.21 2.1 3.15 6.3 6.3

Species FG3 FC2 FC4 FS3 FP5

Spiny Dogfish 0 0 0 0 0
Winter skate 0 0 0 0 0
Goosefish 0.555 0.555 0.555 0.555 0.555

Cod 0 0.5 1 0.5 0.5
Mackerel 0 0 0 0 0.8
Pollock 0 0 0 0 0

White hake 0 0 0 0 0
Silver hake 0 0 0 0.72 0.72

Herring 0 0 0 0 1.05  
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Figure 1: Predation interactions between the nine modeled Georges Bank fish species.  
Each species is grouped into one of three functional groups:  1) top predators, 2) 
intermediate predators, 3) principle prey species.  The arrows point from prey to predator 
species. 
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Figure 2: Predicted spawning stock biomass and recruitment estimates from the 9-species 
model (circles) and the fitted hockey-stick stock-recruitment models used in the forward 
projections (lines).  The horizontal line represents the median recruitment.   
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Figure 3: 95th percentiles (dashed lines) and median (solid line) total annual spawning 
stock biomass (103 mt) in the unfished base projection. 
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Figure 4: Average annual predator-specific consumption (thousands of metric tons) of 
each prey species in the unfished base projection. 
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Figure 5: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total spawning stock biomass in the unfished base projection (UnF), status quo (SQ) 
and base fishing projection (BaseF).  For each species, the horizontal dotted line 
represents SSBMSY, the dashed line represents SSB25% and the dot-dash line represents 
SSB10%. 
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Figure 6: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total commercial catch in the unfished base projection (UnF), status quo (SQ) and base 
fishing projection (BaseF).  For each species, the horizontal dotted line represents MSY. 
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Figure 7: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total spawning stock biomass as fishing mortality on the top predators is increased two 
(T2) and three (T3) times the fishing mortality rates in the base fishing projection (BF) 
while the remaining species were fished at the base fishing rates.  Fishing mortality on 
the top predators was then maintained at three-times the BF, while fishing mortality on 
the intermediate predators was increased two (IT2) and three (IT3) times the base fishing 
mortality rates.  Projection scenarios are further detailed in Table 1.  The benchmarks are 
as detailed in Figure 5. 
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Figure 8: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total commercial catch as fishing mortality was varied among top and intermediate 
predator species.  For each species, the horizontal dotted line represents MSY.  Projection 
scenarios are as described in Figure 7 and Table 1. 
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Figure 9: Average annual predator-specific consumption (thousands of metric tons) of 
each prey species in when both top and intermediate predators were fished at three-times 
their base rates of fishing. 
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Figure 10: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total spawning stock biomass as the fishing mortality on the prey species was 
increased from the base rate (P1) to ten (P10), fifteen (P15) and thirty (P30) times the 
base rate of fishing, while the top predators were heavily fished but intermediate 
predators were not fished.  In the last projection (G3P), prey species were still fished at 
30-times their base fishing rates, but goosefish was heavily fished as well.  Projection 
scenarios are further detailed in Table 1.  The benchmarks are as detailed in Figure 5. 
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Figure 11: Comparison of the average median and 95th percentiles (vertical dashed lines) 
of total spawning stock biomass as fishing was sequentially increased on goosefish (G3), 
cod (C2-C4), silver hake (S3) and finally the principal prey species (P5).  Projection 
scenarios are detailed in Table 1.  The benchmarks are as detailed in Figure 5. 
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SUPPLEMENTAL MATERIAL 

 

Figure S1: Estimated posterior distributions of predicted spiny dogfish abundance-at-age 
(millions of fish) in the last year of the 9-species model.  
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Figure S1, contd.: Estimated posterior distributions of predicted spiny dogfish 
abundance-at-age (millions of fish) in the last year of the 9-species model. 
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Figure S1, contd.: Estimated posterior distributions of predicted spiny dogfish 
abundance-at-age (millions of fish) in the last year of the 9-species model. 
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Figure S2: Estimated posterior distributions of predicted winter skate abundance-at-age 
(millions of fish) in the last year of the 9-species model. 
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Figure S2 contd.: Estimated posterior distributions of predicted winter skate abundance-
at-age (millions of fish) in the last year of the 9-species model. 
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Figure S3: Estimated posterior distributions of predicted goosefish abundance-at-age 
(millions of fish) in the last year of the 9-species model. 
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Figure S4: Estimated posterior distributions of predicted cod abundance-at-age (millions 
of fish) in the last year of the 9-species model. 
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Figure S5: Estimated posterior distributions of predicted mackerel abundance-at-age 
(millions of fish) in the last year of the 9-species model.  
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Figure S6: Estimated posterior distributions of predicted pollock abundance-at-age 
(millions of fish) in the last year of the 9-species model.  
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Figure S7: Estimated posterior distributions of predicted white hake abundance-at-age 
(millions of fish) in the last year of the 9-species model. 
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Figure S8: Estimated posterior distributions of predicted silver hake abundance-at-age 
(millions of fish) in the last year of the 9-species model.  
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Figure S9: Estimated posterior distributions of predicted herring abundance-at-age 
(millions of fish) in the last year of the 9-species model. 
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Figure S10: Estimated posterior distributions of predicted species-preference coefficients 
(log preference) from the 9-species model.  Species abbreviations are as follows: spiny 
dogfish (SDog), winter skate (WSk), goosefish (Goose), mackerel (Mack), pollock (Pol), 
white hake (WH), silver hake (SH) and herring (Her). 
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Figure S10, contd.: Estimated posterior distributions of predicted species-preference 
coefficients (log preference) from the 9-species model.  Species abbreviations are as 
follows: spiny dogfish (SDog), winter skate (WSk), goosefish (Goose), mackerel (Mack), 
pollock (Pol), white hake (WH), silver hake (SH) and herring (Her). 
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Figure S10, contd.: Estimated posterior distributions of predicted species-preference 
coefficients (log preference) from the 9-species model.  Species abbreviations are as 
follows: spiny dogfish (SDog), winter skate (WSk), goosefish (Goose), mackerel (Mack), 
pollock (Pol), white hake (WH), silver hake (SH) and herring (Her). 
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Figure S11: 95th percentiles (dashed lines) and median (solid line) total annual spawning 
stock biomass (103 mt) in the base fishing projection.  
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Figure S12: Average annual predator-specific consumption (thousands of metric tons) of 
each prey species in the status quo fishing projection. 
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Figure S13: Average annual predator-specific consumption (thousands of metric tons) of 
each prey species in the base fishing projection. 
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Figure S14: Average annual predator-specific consumption (thousands of metric tons) of 
each prey species when the top predators are fished at three-times their base fishing rates, 
with the remaining species fished at their base rates. 
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Figure S15:  Average annual predator-specific consumption (thousands of metric tons) of 
each prey species when the top predators and goosefish are fished at three-times their 
base fishing rates, remaining intermediate predator species were unfished, and prey 
species were fished at 30-times their base fishing rates.  
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CONCLUSIONS 

Over the last half of a century, Georges Bank, a historically important fishing 

ground off the U.S. east coast, has experienced marked changes in ecosystem structure.  

As one of four subsystems comprising the Northeast U.S. Continental Shelf (NEUS), it is 

thought to currently be experiencing ecosystem overfishing and the sequential depletion 

of resources.  Previous studies of the Georges Bank and NEUS fish communities have 

demonstrated that the predation losses experienced by prey species are substantial, are 

often greater than fishery landings, and vary notably over both time and prey age.  As a 

consequence, it is recognized that predation exerts a strong influence on the dynamics of 

prey species in these ecosystems.  This recognition enhances the need to quantify the 

losses due to predation when developing stock assessments for principal prey species.      

Previous studies have investigated predation interactions on Georges Bank with a 

variety of multispecies and ecosystem approaches, including multispecies surplus-

production models, mass-balance models and multispecies virtual population analysis 

(MSVPA).  Multispecies statistical catch-at-age models (MSCAA) differ from many of 

these approaches due to the statistical estimation of model parameters.  Parameter 

estimation with statistical methods accounts for observation errors in the input time series 

of catches and predator diets, permitting the quantification of uncertainty in resulting 

parameter estimates.  As a result, statistical catch-at-age models are one of the preferred 

methods for stock assessments because model uncertainty can inform management 

decisions.  Furthermore, with the estimation of both age-specific initial abundances and 

annual recruitment as estimated parameters, the MSCAA model developed in this study 

does not rely on equilibrium assumptions or an assumed relationship between spawning 
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stock biomass and recruitment.  Fishing mortality rates in all years are also estimated 

with the model, in contrast to MSVPA where fishing mortality rates in the terminal year 

are generally set to fixed values.   

The primary objective of this study was to develop a multispecies statistical catch-

at-age model of the Georges Bank fish community.  The driving motivation was that 

development of an age-structured multispecies model that statistically estimated model 

parameters would provide a more complete picture of community dynamics than 

previous age-structured multispecies models (MSVPA) due to the incorporation of 

stochastic variability, recognition that input data contain observation error, and 

quantification of uncertainty.  It is this level of statistical rigor that is generally expected 

of population dynamic models used to inform fisheries management.  Therefore, in order 

for multispecies approaches to be used in future fisheries management, these additional 

modeling tools must be developed that begin to achieve the required level of statistical 

rigor.  The Monte Carlo simulation analysis conducted in this study further enhanced 

confidence in model performance.  Evaluation of model performance with simulated data 

is a necessary component of the development of any model.  This analysis demonstrated 

that model parameters and derived indices could be estimated with confidence from input 

data with error levels similar to those obtained from the model fit to the observed data. 

Like previous modeling efforts, the statistical multispecies model developed here 

demonstrated the strong impact of predation of Georges Bank fish community dynamics.  

For the principal prey species, herring and silver hake, the losses due to predation 

exceeded commercial landings.  Yet while this principal finding is consistent with 

previous models, some species-specific predation mortality rates and trends in dominant 
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predators differed from previous studies.  In this model, goosefish was the most dominant 

predator species, in contrast to previous studies indicating that spiny dogfish, cod, and 

silver hake were the most dominant.  In fact, predicted spiny dogfish and winter skate 

diets both indicated a small total consumption of modeled fish species, with consumption 

estimates less than that of cod, silver hake, and particularly goosefish.  Throughout the 

time series, cod was the second most dominant predator, which contrasts with previous 

work indicating that the role of cod as a dominant piscivore in the northwest Atlantic has 

decreased over time as its abundance has declined.  Furthermore, estimates of mackerel 

predation mortality rates varied among studies, as well as temporal trends in herring 

predation.    

Collectively, these differences could arise from assumptions regarding the 

geographic range included in the model, the time step at which the model was 

implemented (e.g. annual versus quarterly), the species set included in the model or 

varying model formulations.  For example, estimated species-preference coefficients 

incorporated all differences in food selection that were not attributable to size, including 

behavior and distributional differences between species.  Additionally, several of the 

species included in this model are distributed over a greater range than just Georges Bank 

and undergo seasonal migrations.  As a consequence, model development for just 

Georges Bank likely resulted in different estimated species-preference coefficients than 

would result from a model of the entire NEUS.  Further work is warranted to investigate 

the consequences of these varying assumptions on the overall picture of community 

dynamics on the NEUS and Georges Bank.  Resulting trends in predation also 

demonstrated that predation mortality rates exhibit strong temporal and ontogenetic 
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variation.  Accordingly, the consequence of structural uncertainty and the use of single-

species approaches that assume constant rates of natural mortality in systems strongly 

impacted by predation also merits further investigation. 

A benefit of multispecies statistical catch-at-age models is that parameter 

uncertainty can be incorporated into forward projections to investigate the consequences 

of potential management scenarios. The projections developed in this study indicated 

strong predation interactions among species, though the interactions were not always 

direct.  Furthermore, projections demonstrated that the most important drivers of 

population dynamics varied among species between fishing, predation and recruitment.     

With all modeling efforts, there is a tradeoff between increased biological realism 

and increased uncertainty in parameter estimation.  However, even though the model 

developed here exhibited some sensitivity to dataset weights in the likelihood function as 

well as initial parameter estimates, food-selection parameters and species-specific 

predation mortality rates within a complex ecosystem such as Georges Bank were 

estimable.  Accordingly, this work indicates that multispecies models can be fit 

statistically to time series of catch, abundance and diet data to quantify species 

interactions.  As a consequence, multispecies, statistical catch-at-age models are useful 

tools for furthering ecosystem-based fisheries management. 
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