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Optimal Multispecies Harvesting in the Presence of a Nuisance Species 
 

Stephen Kasperski 
 
1. Introduction 
 

The need for ecosystem based fisheries management is well recognized [1,2], but 

substantial obstacles remain toward implementing these approaches given our current 

understanding of the biological complexities of the ecosystem along with the economic 

complexities surrounding resource use.  Currently, the predominant biological reference 

point for U.S. fisheries management is the maximum sustainable yield (MSY) of each 

individual species in an ecosystem.  Single species management of multispecies fisheries 

ignores the ecological relationships among species as well as the technological and 

economic relationships between species as multiple species are caught jointly or vessels 

allocate their effort among multiple target species, often to the detriment of the health of 

the ecosystem, the stocks of fish species, and fishery profits. 

While the ecological interactions have long been recognized, multispecies stock 

assessment models are still relatively new [3].  Likewise, there are numerous studies of 

the multiproduct nature of firms’ production of multiple fish species using dual 

estimation models [4,5,6,7,8].1  These studies generally reject input/output separability, 

which implies that fishing technology should be measured in a disaggregated manner, or 

risk misspecification of the fishing technology [9].  With the exception of Singh and 

Weninger [10], previous studies attempting to account for technological interactions 

within bioeconomic models [11,12] typically assume that only a single composite input 

                                                 
1 See Jensen [9] for a survey of empirical applications of dual theory in fisheries.   



(effort) is used to catch multiple species which implicitly assumes that output is separable 

from the composite input, which may not be the case in many fisheries.   

The role of non-harvested species in economic models has largely been relegated 

to bycatch and discards [13,14,10], or as constraints on the harvest of the target species 

via bycatch quotas [15].  However, populations of non-target species also impact the 

stock dynamics of target species and can lead to changes in optimal harvesting strategies.  

A type of non-target species that may lead to dramatically different optimal harvesting 

policies is a nuisance species which is one that lowers the value of the fishery by 

negatively affecting the growth of the other species in the ecosystem and has little harvest 

value of its own.  This study develops a multispecies bioeconomic model that 

incorporates biological and technological interactions to determine the optimal effort and 

stock size for each species in the presence of a nuisance species.  Simulations are then 

run according to optimal policies including and excluding the nuisance species to 

determine the impact of the nuisance species on fishery profits and stock abundances.   

 
2. Three Species Ecosystem 
 

This study uses the walleye pollock, Pacific cod, and arrowtooth flounder (hereafter 

referred to as pollock, cod, and arrowtooth respectively) populations in the Bering 

Sea/Aleutian Islands (BSAI) region of Alaska as a case study.  Between 1990 and 2008, 

estimates of the pollock and cod population have declined by 46% and 39% respectively, 

while estimates of the arrowtooth population have increased by 105% over the same time 

period.  The biological interactions between these three species can be characterized by 

both arrowtooth and cod preying on pollock, and cod and arrowtooth competing with one 



another for food and other resources.  As arrowtooth is a low value species, it is possible 

that increases in the arrowtooth population reduce the value of this multispecies fishery 

and is an excellent candidate for a nuisance species.  Additionally, a majority of vessels 

which target pollock over the course of a year also target cod during the same year with 

arrowtooth being caught as bycatch in both of these fisheries.  Given these interactions, 

this three species system is an ideal candidate to explore the impact of a nuisance species 

on the profitability of a multispecies fishery. 

The pollock fishery in Alaska represents over 40% of global whitefish production, 

and is the largest fishery (by volume) in the United States, averaging over 1.3 million 

tons per year since 2000.  The pollock fleet in the BSAI generally consists of large 

catcher vessels and catcher processor vessels, which both catches and processes the fish 

at sea, using pelagic trawl gear.  Cod accounts for the second largest groundfish harvest 

in the Bering Sea, averaging over 186,000 tons per year since 2000, and is caught by 

longline, pot, and non-pelagic (bottom) trawl gear by both catcher vessels and catcher 

processors.  Arrowtooth is a low value species that is caught both types of trawls 

participating in the cod and pollock fisheries and is largely discarded when caught.  All 

three species are managed with a total allowable catch (TAC), with pollock and cod 

catches approximating their TAC each year.  Arrowtooth catches average only 1.6% of 

the stock and 74% of the TAC over the period 2000-2009, which includes 5 years of 

TACs set at or below 16,000 tons.  The 2009 harvest was 2.5% of the stock, but only 

36% of the TAC, as the TAC has been raised to 75,000 tons to potentially allow for 

increased catch to slow the growth of the stock.   

 
3. Multispecies Stock Dynamics 



 

Stock estimates of each species and the catch on an annual basis is available for the years 

1980 through 2009 through the Stock Assessment and Fishery Evaluation (SAFE) report 

from the Alaska Fisheries Science Center [16].  These stock estimates will be used to 

parameterize the multispecies stock dynamics equation of each species which are set up 

as a logistic escapement model, such that:  
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where ,i yx  is the stock of species i in year y, is the harvest of species i in year y, ,i yY i is 

equal to one plus the intrinsic growth rate, i is the density dependent factor related to the 

carrying capacity, are the growth interaction parameters, and n = 3 is the number of 

species included.  After using the Prais-Winsten transformation to correct for 

autocorrelation and appending an error term, equation 

,i j

(1) is estimated for all three 

species using seemingly unrelated regression for the years 1980-2009.   

Parameter estimates are provided in Table 1.  Each species own stock parameters 

are as expected, leading to the classic concave logistic growth curves.  However, the 

interaction terms are not completely as expected.  For arrowtooth, the cod stock has a 

positive and statistically significant impact on growth while the pollock stock has a 

negative but statistically insignificant impact on growth.  Not surprisingly for cod, 

arrowtooth has a negative and statistically significant impact on growth, while pollock 

has a positive, but statistically insignificant effect on growth.  The interaction terms for 

pollock are of the expected sign, but both are statistically insignificant.  These results 

suggest that increases in arrowtooth reduce the growth of the cod stock, increases in the 



cod stock increase the growth of arrowtooth, and increases in arrowtooth reduce the 

growth of pollock and vice versa.  The positive, but statistically insignificant, coefficients 

between cod and pollock possibly suggests that at different life stages older cod prey on 

young pollock and older pollock prey on young cod as suggested by Jurado-Molina et al. 

[17].   

Using the parameters from Table 1, Figures 1-3 present a retrospective analysis of 

the population between 1980 through 2009 comparing the stock assessment model to the 

multispecies model starting from the same population in 1980 and using the actual 

harvests over the period.  While not exact, the model appears to do a relatively good job 

approximating the general trends in all three stocks, and should provide reasonable 

projections for simulating the stock dynamics in the bioeconomic model.   

 
4. Multispecies Harvesting Model 
 

Using data from 2000 to 2008 on all vessels which caught any amount of arrowtooth, 

cod, or pollock, production functions for each vessel for each of the three species, are 

estimated.  As different sized catcher vessels and catcher processors are likely to have 

different technologies, the fleet was divided into three classes (c), small catcher vessels 

(less than median catcher vessel size <~80 feet), big catcher vessels (greater than median 

catcher vessel size> ~80 feet), and catcher processors.  Total annual catch of species i by 

a vessel (v) in class c in year y, ( ) is determined to be a function of effort for species i 

( ), the catchability coefficient for that species ( ) and the stock of the species (

,
,
v c
i yy

,
,
v c
i ye c

iq ,i yx ) 

plus the bycatch coefficient ( ,
c
i j ) times the effort for other species j times the stock of 

species i, such that:  
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Dividing both sides of equation (2) by ,i yx , and making a within transformation for each 
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production function will be estimated via equation (3):  
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Effort for species i is defined as the total number of days each year on trips when 

species i comprises the largest share of the catch.  As effort is endogenously determined, 

effort will be instrumented for with ,
,
v c
i yX , such that: 

(4) , , ,
, 1 , ,' 1,...,3; 1,...,3.v c v c c v c

i y i y i e ie X i c         

Instruments included in ,
,
v c
i yX include lagged effort of all three species, lagged prices of 

thirteen potential target species, and lagged stock size of each of the three species.  The 

system of equations (3) and (4) are estimated using iterated three stage least squares, and 

the results are presented in Table 2.  As it was determined that there was no trips taken by 

catcher vessels for which arrowtooth were targeted over the study period, it was assumed 

that catcher vessels only catch arrowtooth as bycatch, and will not develop a targeted 

fishery in the future.2    

The results presented in Table 2 suggest that arrowtooth is caught as bycatch in 

the cod and pollock fleets for both the small and big catcher vessels.  For the catcher 

                                                 
2 A major barrier for increasing the catch of arrowtooth by catcher vessels is that the flesh degrades in 
quality very quickly after harvest, so catcher processor vessels which can process their catch almost 
immediately are much more likely to develop a market for their product than the catcher vessels.   



processors, there is no statistically significant impact of cod or pollock effort on 

arrowtooth harvest which is likely due to the fact that they have some targeted trips, and 

catch a more substantial amount during those trips than they do as bycatch.  For both size 

classes of the catcher vessels, they appear to catch both pollock and cod when targeting 

either pollock or cod, but the catchabilities are higher for the own targeted species which 

suggests that they are targeting one species and not actively avoiding catching the other.  

For the catcher processors, the catchability for own effort is statistically significant and 

positive, but for the cross effort between cod and pollock are both negative.  This 

suggests that there is some substitutability of effort between pollock and cod for the 

catcher processors.  An additional day catching cod means one less day catching pollock.  

This makes sense as these are very big vessels with large fixed capital costs that would 

like be running as close to full effort as possible to lower their average costs.  These 

parameter estimates, along with those from the stock dynamics equations will be used in 

the bioeconomic model to determine the optimal amount of effort in the fishery.   

 
5. Bioeconomic Model 
 

The problem that solved here is the maximization of profits from the three species fishery 

over an infinite horizon subject to the stock dynamics equations of each species.  Letting 

, and , this 

problem can be stated as:  
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and  0 0, givx E  en , where  is the value function for an initial stock 0( )V x 0x  and c
i  

and are the profit and cost per unit effort for species i by vessel class c.  To keep the 

problem tractable and well behaved, the simplifying assumption made here is that there is 

a constant profit per unit effort in the cod and pollock fisheries, such that 

c
iC

c c
plck r 12.85%cod     and 0c c

plckC Ccod   , where r is equal to the average net 

income rate of the catcher processor vessels taken from [18].3  For arrowtooth, 1c
arth   

and c c
arthC C , where cC  is the annual variable cost of vessel class c divided by the 

average number of days that vessel class c spends fishing.   While this assumption does 

eliminate the direct stock effect of reducing the marginal cost of effort for cod and 

pollock, there is an indirect effect of the cod and pollock stock on the shadow value of 

arrowtooth which affects the optimal harvest of cod and pollock.   

After setting up the Bellman equation, the first order necessary conditions for a 

maximum in year y are:  

(6) 

3 3

, , , , 1 , ,
1 1

( )

1,..., ; 1,...,3,

c c c c c c c
i i y i k k y i i y k i i y

k i

p q x C q x

i n c

  
 

 
0   

 
  

  

(7) 

 

 
1

, ,
, 1 , , , 1

, , , ,

,
c cc n
j i i yc c c c c ci

i y i i y j j y j yc c
j ii i i y i i i y

q xC
p p

q x q x
   



 


 
      

 
  

                                                 
3 This assumption was made to try to maintain the current ratio of harvests among vessel classes, as quota 
allocations for pollock and cod are based on the vessel class  (catcher vessel or catcher processor).  This 
assumption can be relaxed, and these constraints imposed directly in subsequent analyses.   
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Multiplying equation (9) the discount rate ( ) and moving it forward in time from y o 

y+1 and equating this expression to equation (7), provides the Euler equation for this 

(10) 

 t

problem:  
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which states that the marginal profit from harvesting species i in year y should equal the 

marginal profit from leaving that unit in the sea.  Using equation (10), an expression for 

factor

s the 

te stream of profits from the fishery as a function of current state of the system.   

                                                

, 1
c
k yE   can be derived as a function of current period prices, stock levels, growth 

parameters, catchability coefficients, and shadow values of the stocks.  All of these 

s are known to the harvesters at the beginning of period y+1, such that:  
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Thus, equation (11) determines the optimal effort each period which maximize

infini

 
4 Explicit solutions for  and , 1

c
k yE  ,

c
i y are available from the author upon request.   



It should be noted that the shadow value of arrowtooth is a function of the 

profitability of arrowtooth harvest as well as the shadow value of cod and pollock.  As 

arrowto effort 

 be 

arvest 

6. Simulations

oth has a statistically significant negative impact on the growth of cod, the 

level on arrowtooth that maximizes the profits from the entire three species fishery will 

be greater than the effort level that maximizes the value of the arrowtooth fishery alone.  

Using the parameters used in this study, the marginal profit for a unit of effort in the 

arrowtooth fishery is negative, implying that the optimal harvest rate for the arrowtooth 

fishery would be equal to zero.  Thus, the negative shadow value, or shadow cost, can

regarded as the optimal subsidy required to induce the optimal amount of effort in the 

arrowtooth fishery to maximize the value of the entire fishery as whole [19].  The 

following section will simulate the optimal effort levels and stock dynamics for this 

system, as well as the optimal effort levels for cod and pollock assuming that the h

of arrowtooth remains constant at the current rate of 2.5%.   

 
 

The stock, effort, and harvest were simulated without uncertainty for 100 years into the 

ture using 2008 as a base year and constant real prices and costs.  Figures 4,5, and 6 

nd 

 at a 

ally 

stocks both realize 

 

fu

show the difference in stock size and harvest for arrowtooth, cod, and pollock, 

respectively under the multispecies optimal harvest strategy defined by equation (11), a

the optimal harvesting strategy for cod and pollock if arrowtooth was harvested

constant 2.5% throughout the simulation.   

What appears to happen in the optimal policy model is that arrowtooth is initi

harvested down to a low level, during which the cod and pollock 



substan

vels 

 

s 

er 

ical with 

her than under the constant 

arrowto

n 

 to 

s 

tial increases in their populations.  As the cod stock increases, the growth of the 

arrowtooth stock is increased, which then begins to rebound, leading to lower stock le

of cod and pollock.  This cycle repeats itself over the simulation approximately every 40

years.  The resulting cod and pollock stocks from the optimal strategy are significantly 

higher than under the constant arrowtooth harvest model since arrowtooth are eating a 

substantial number of cod in particular.  At the end of the 100 year simulation, the cod 

and pollock stocks are 2.36 and 1.77 times larger, respectively, than their constant 

arrowtooth harvest rate policy alternatives, while the optimal policy arrowtooth stock ha

fallen to 49% of the constant harvest policy.  It is possible that this level would trigg

arrowtooth being defined as overfished and necessitate a rebuilding strategy for 

arrowtooth, but that possibility is left for future analysis.   

It can also been seen in Figures 4, 5, and 6 that the harvest levels are cycl

the stock under the optimal policy, and are considerably hig

oth harvest rate policy.  This is not surprising given stocks of cod and pollock are 

larger under the optimal policy.  The optimal total arrowtooth harvest over the simulatio

is 141 times larger than the constant harvest policy which is a very substantial increase in 

effort allocated toward arrowtooth.  Optimal cod and pollock total harvests are also 7.8 

and 3.1 times larger than their respective harvest policies under a constant arrowtooth 

harvest.  This different results in an over 50 trillion dollar net present value increase in 

the fishery over this 100 year simulation after subtracting the amount of money needed

subsidize the harvesting of arrowtooth.  However, this does assume that effort can be 

increased without increasing the capital stock, which likely is not valid over this time 

period to increase harvests at this rate.  Assuming that increases in capital expenditure



are proportional increases in profits, this policy will still result in a substantial profit 

increase to this fishery.   

 
7. Discussion and conclusion 

sing a simple multispecies bioeconomic model, this study shows how the impact of a 

uisance species (arrowtooth flounder) can substantially alter the optimal harvest policies 

 

se in 

 Pollock, and 87% decrease in catch of 

cod and

s 

eft 

al harvests of arrowtooth.  A)  This is a very basic, reduced form 

model which has substantial limitations regarding specific production technologies of the 

 

U

n

for profitable species (Pacific cod and walleye pollock) in a multispecies ecosystem.  As

arrowtooth negatively impacts the growth of cod, it makes economic sense to subsidize 

the harvesting of arrowtooth to lower its population to increase the stock of cod and 

pollock and increase profits from those fisheries.  

By ignoring arrowtooth interactions on cod and pollock results in 57% decrea

the stock of cod and a 43% decrease in the stock of

 68% decrease in catch of pollock relative to the optimal policy.  The resulting 

optimal fishery has a net present value of over 50 trillion dollars larger than the fishery 

with constant arrowtooth harvest rate, after accounting for the subsidy on arrowtooth.  

Given this large increase in profits resulting from the harvest subsidy on arrowtooth, it i

possible to impose a tax on cod and pollock harvests equal to their marginal cost of 

arrowtooth on the respective fishery, to cover the immediate cost of the subsidy.  

Analysis on the optimal tax policy to make the subsidy revenue neutral each year is l

for future analysis.   

There are a number of caveats to these results that should be mentioned before 

encouraging addition



vessels

s 

total 

ock 

 

es 

f the 

, 

teractions, leading to drastically different 

optima

de a 

 and the study lacks data on real profits, but rather is approximating profits with 

net revenues with some assumptions about the costs of fishing.  B)  Different gear type

may have different production functions, which could impact the catchability 

coefficients, and optimal harvest policies.  C)  There is no attempt to model specific 

regulations specific to these fisheries in the BSAI, such as the allocation of quota across 

vessel classes.  More importantly, there is a 2 million ton per year limit on the 

harvest of all managed groundfish species in the BSAI, which is exceeded by the poll

harvest alone in some years in this model.  Including this cap on total harvest is left for 

future analysis.  D)  The results from this model are one potential explanation for the

stock dynamics in this system, but these stock dynamics could change as factors external 

to the model change.  E)  It is also possible that increases in arrowtooth have lead to 

declines in the cod population, but as cod are a top predator in this ecosystem, decreas

in the cod population can also lead to increases in other populations which may result in 

an overall increase in NPV.  It is important to note that the adjusting the boundaries o

system can lead to alternative conclusions, so one should be conservative in situations 

where there are potential factors outside the boundaries influencing the results.  Similarly

how the model affects the ecosystem outside its boundaries can lead to alternative 

conclusions about what is optimal in reality.   

While there are substantial limitations as to the direct application of this model to 

the fishery, it does illustrate how non-target species impact target species not only 

through bycatch but also through ecosystem in

l harvest policies.  Future analysis using of this model will include a stochastic 

stock, catchability, and price component.  The model can also be expanded to inclu



more detailed age structured stock assessment model, as well as a more detailed model of

the production technology and profit maximizing behavior by these vessels.   

 



Table 1.  Multispecies Stock Dynamics Parameter Estimates 
Growth Model Parameter Coefficient Standard Error 

θarth 1.041*** 0.0305 

ηarth -4.10E-08* 2.15E-08 

αarth,cod 4.85E-08*** 1.51E-08 

Arrowtooth Flounder 
N=30 

R2=.99 

αarth,plck -1.28E-09 9.80E-10 

θcod 1.773*** 0.1093 

ηcod -2.87E-07*** 4.34E-08 

αcod,arth -4.28E-07*** 1.12E-07 

Pacific Cod 
N=30 

R2=.98 

αcod,plck 4.25E-09 3.92E-09 

θplck 1.893*** 0.3440 

ηplck -5.95E-08*** 1.95E-08 

αplck,arth -3.77E-07 2.68E-07 

Walleye Pollock 
N=30 

R2=.97 

αplck,cod 1.82E-08 1.48E-07 
*denotes statistically significant at the 10% level, ** denotes statistically significant at the 5% level, *** denotes statistically 
significant at the 1% level. 



Table 2.  Production Function Parameter Estimates 
  Arrowtooth Flounder Effort Pacific Cod Effort Walleye Pollock Effort 

Growth Model Harvest Species Coefficient Standard Error Coefficient Standard Error Coefficient Standard Error
Arrowtooth     3.86e-07 *** 6.19E-08 2.01e-07 *** 4.48E-08 

Cod     5.65e-06 *** 1.05E-06 1.93e-06 * 7.60E-07 
Small catcher 

Vessel Production 
N=646 Pollock     -1.24e-06 ** 4.59E-07 5.78e-06 *** 3.32E-07 

Arrowtooth     2.83e-07 *** 8.10E-08 1.29e-07 *** 3.14E-08 

Cod     .0000132 *** 8.51E-07 1.96e-06 *** 3.30E-07 
Big catcher Vessel 

Production 
N=858 Pollock     6.01e-06 ** 1.93E-06 .000019 *** 7.47E-07 

Arrowtooth .0000241 *** 3.56E-06 -1.41E-07 4.03E-07 -7.17E-07 6.66E-07 
Cod -4.27E-06 7.22E-06 2.99e-06 *** 8.16E-07 -3.99e-06 ** 1.35E-06 

Catcher Processor 
Vessel Production 

N=715 Pollock 0.000023 0.0000196 -7.43e-06 *** 2.22E-06 .0000497 *** 3.68E-06 

*denotes statistically significant at the 10% level, ** denotes statistically significant at the 5% level, *** denotes statistically significant at the 1% level. 



Figure 1. Retrospective analysis of the stock assessment model and multispecies growth 
model for arrowtooth flounder.   

 
 
 
Figure 2. Retrospective analysis of the stock assessment model and multispecies growth 
model for Pacific cod.   



Figure 3. Retrospective analysis of the stock assessment model and multispecies growth 
model for walleye pollock.   

 
Figure 4. Simulated stock and harvest levels for arrowtooth flounder under the optimal 
harvest policy for all three species, subsidizing the harvest of arrowtooth, and the optimal 
harvest policy for cod and pollock for a constant 2.5% harvest rate of arrowtooth.   

 



Figure 5. Simulated stock and harvest levels for Pacific cod under the optimal harvest 
policy for all three species, subsidizing the harvest of arrowtooth, and the optimal harvest 
policy for cod and pollock for a constant 2.5% harvest rate of arrowtooth. 

 
Figure 6. Simulated stock and harvest levels for walleye pollock under the optimal 
harvest policy for all three species, subsidizing the harvest of arrowtooth, and the optimal 
harvest policy for cod and pollock for a constant 2.5% harvest rate of arrowtooth. 
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