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Abstract. Exploitation frequently reduces the mean age of a fish population, 

particularly where a lack of property rights stimulates producers to ignore the user 

cost of harvest. The authors demonstrate that harvesting a young fish bears a 

significant efficiency cost when the multiple benefits accruing to its protection are 

recognised. This is magnified when the full complement of year classes within a fish 15 

population is considered. These findings identify the importance of protecting older 

year classes using rights-based management and age/size restrictions, although their 

successful application can be problematic. In addition, the importance of 

incorporating more detail in bioeconomic models of multiple-cohort fisheries is 

highlighted, as underestimating the magnitude of user costs associated with the 20 

cropping of younger fish will promote recommendations for inefficient harvest levels. 

These factors are demonstrated in an application of an optimal control model to the 

New Zealand longfin eel (Anguilla dieffenbachii) fishery. 

Keywords. Fishery management, longfin eel, multiple-cohort, optimal control, user 

cost. 25 
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Introduction 

Many valuable fishery resources consist of populations in which individuals can attain 

significant age in the absence of fishing pressure. For example, New Zealand orange 

roughy (Hoplostethus atlanticus) may live to one hundred years of age (Campbell, 30 

Hand, and Smith 1993), while northern cod (Gadhus morhua) may live to be thirty 

(Schott 2001). Exploitation commonly reduces the mean age within such populations 

as the probability of an individual reaching an older year class is lowered through the 

presence of fishing mortality. This is exacerbated within an open access fishery as a 

lack of property rights motivates fishers to disregard the user cost of current harvest, 35 

and thus disregard the progression of younger year classes to older cohorts (Stollery 

1984). This may have a severe detrimental effect on the resilience and profitability of 

a fishery. For example, the low fecundity of young year classes and the high 

effectiveness of gear led to the collapse of the northern cod fishery after a young stock 

was exposed to several adverse environmental impacts (Grafton, Sandal, and 40 

Steinshamm 2000). 

The optimal age structure of a fishery represents a complex interaction between the 

value accruing to individuals in different year classes. Younger fish may grow faster 

within some given range, as represented in a von Bertallanffy growth function (Ricker 

1975), whereas the majority of older fish may lose condition (Schott 2001) as 45 

reflected in concave growth curves. Prices may also be age or size dependent, 

reflecting differences in processing efficiencies or product quality (Anderson 1989, 

Larkin and Sylvia 1999). Ideally, the exploitation of a year class should also be 

balanced with its future reproductive (Conrad 1982) and mortality rates (Schott 2001). 

The implications of stock density for the cost structure of a fishery (Stollery 1984, 50 
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Anderson 1989) and competition for limited resources can also have a significant role.  

The cumulative importance of these factors has been downplayed in the fisheries 

literature because of data limitations and constraints on the number of cohorts that 

may be represented in a tractable analytical model. This paper demonstrates that this 

has serious implications for the sustainability of exploitation as the importance of user 55 

cost to the determination of an optimal age structure is magnified when the full 

complement of year classes within a fish stock is considered. This stresses the 

importance of using rights-based management and minimum size restrictions to 

increase the harvest efficiency of age-structured fish populations through 

concentrating exploitation on older cohorts. This is demonstrated through the 60 

application of a bioeconomic model to the New Zealand longfin eel (Anguilla 

dieffenbachii) fishery. 

Section 2 of the paper provides a description of the New Zealand longfin eel fishery. 

Section 3 develops a partial analytical solution of an age-structured model 

incorporating density-dependent growth. Section 4 describes the data sources and 65 

solution procedure for a numerical application of this model. Section 5 presents the 

results of the model and discusses it implications.  

The New Zealand Longfin Eel Fishery 

The commercial fishery for the New Zealand longfin eel is small, with a mean harvest 

of around 1460 tonnes since 1980. However, this species also supports important 70 

cultural and recreational fisheries. Longfins are harvested through the setting of baited 

nets in freshwater where individuals live in a territory of limited size for the majority 

of their life. Capital outlay and operating costs required for eel fishing are low, 
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especially in relation to ocean fisheries, while prices for harvested fish are relatively 

high and increase with the age and size of the individual. 75 

Longfin populations are characterised by sexual dimorphism, with females often 

reaching sexual maturity at twice the age and size of males (Todd 1980). Females take 

twenty to one hundred years to reach maturity, the age of attainment depending 

primarily on the richness of the growth environment in which they live. After 

reaching sexual maturity, both males and females migrate to oceanic spawning 80 

grounds where they make a single reproductive contribution. Semelparity is used to 

describe a species in which an individual makes only a single reproductive 

contribution. Alternatively, iteoparity describes a population in which individuals 

make multiple spawning contributions. After hatching, young eels return to New 

Zealand on ocean currents, penetrating inland and establishing home ranges in 85 

freshwater where they will live until they reach sexual maturity.  

Together with a high price/cost ratio, longfin biology promotes the overexploitation of 

this species. Late maturity and semelparity increase the longfin’s sensitivity to 

overharvest as the cumulative impact of even low levels of annual exploitation can 

have an extremely deleterious effect on spawning biomass (Hoyle and Jellyman 90 

2002). Previous work identified that exploitation has greatly diminished the mean size 

of the longfin, and therefore the mean age given that these variables are correlated 

(Jellyman et al. 2000). The following analysis demonstrates the inefficiency of this 

type of exploitation, because focusing harvest on younger year classes fails to account 

for the considerable user cost accruing to the cropping of these cohorts. 95 
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An Age-Structured Model for the New Zealand Longfin Eel 

The model presented here is an extension of the generalised multiple-cohort 

framework of Conrad (1982). This is a deterministic discrete-time optimal control 

model, incorporating a delay-difference equation that describes a significant lag 

between the birth of young and their vulnerability to the fishery.  100 

It is assumed that the population consists of a range of year classes, k=[0,…,ks], where 

k=0 represents the first year class (the elver stage) and k=ks is the eldest age group, 

the female spawning cohort. The harvestable cohorts within this range are denoted as 

k=[kh,...,kH], where the year class consistent with the minimum harvestable weight is 

denoted as kh and the terminal harvestable cohort as kH. The spawning year class (ks) 105 

is not harvested in this model, reflecting that migrating females are seldom exploited 

(Hoyle and Jellyman 2002). Perfect selectivity is assumed. This is a significant 

abstraction from reality but permits analysis of the optimal age composition of harvest 

and demonstration of the impacts of concentrating harvest on younger cohorts. 

Year classes within the population are also classified as either juveniles or adults. 110 

Juvenile year classes (k=[0,…,ka-1]) differ from adult cohorts (k=[ka,…,ks]) through 

dimorphism in dietary preference. Larger longfins (adults) are predominantly 

piscivorous and their growth rates are strongly influenced by competition for food and 

space (Chisnall and Hicks 1993; Jellyman 1997). The growth of these eels is 

consequently classified as density-dependent. Juvenile cohorts are never harvested; 115 

that is, kh≥ ka, since eels around the existing minimum weight restriction (220g) are 

approximately the length of those in the first adult age class (45cm)1 and there are 

strong recommendations for increasing existing restrictions (Chisnall, Hicks, and 

Martin 2002, Hoyle and Jellyman 2002).  
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The limiting factor for longfin recruitment is the availability of females since they are 120 

vulnerable to gear for much longer than males (Jellyman et al. 2000). The spawner-

recruitment relationship is therefore specified solely for sexually mature females. 

Alternatively, the exit of males at maturity is portrayed in a way that is synonymous 

with natural mortality; this permits it to occur over a wide range (km) of ages.  

The weight (in tonnes) of fish in cohort k at time t is the state variable involved in the 125 

following optimisation problem, and is denoted as Xk,t. The control variable is the 

weight of fish harvested from cohort k at time t, and is denoted as Yk,t. This problem is 

assumed to involve an infinite time horizon, so no predetermined terminal condition 

or period exists.  

The total discounted net revenue (π) accruing to the harvest of all harvestable cohorts 130 

(k=[kh,...,kH]) is: 
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where ρ  is the discount factor and is defined as ρ =1/(1+r), where r is the annual 

discount rate, Pk is the scalar price (in dollars) for a tonne of harvested eels from 

cohort k, and C(Xk,t,Yk,t) is the cost function describing the relationship between the 135 

cost (in dollars) of cropping cohort k at time t as a function of the levels of stock and 

harvest. It is assumed that CY > 0 and CX < 0.  

In a given year t, the elver stock (X0) will depend on the spawning stock ( sk
X ) of ω 

years before through the equation: 

)(
,,0 tkt sXRX =+ω , (2) 140 
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where X0,t+ω is the elver stock at t+ω years and )(
,tksXR is a function describing the 

relationship between the escapement of the spawning cohort in year t and the 

biological recruitment of elvers ω years later. The “recruitment” constraint, describing 

the entry of juvenile animals into adult cohorts, can be formulated from this equation. 

As juveniles are not harvested and are subject to density-independent survival, this 145 

constraint is: 
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describing the total change of biomass through growth (Gk) and natural mortality (M) 

between birth and maturity into the adult class.  150 

In addition, the “growth” constraint describes the way in which the biomass within 

adult cohorts changes over time through physical growth, natural mortality, the 

migration of males at maturity, and harvest. This constraint holds for all adult cohorts 

except the last; that is, for k=[ka,...,ks-1]. The “growth” constraint is: 
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constant rate of natural mortality, and µ(km) is a term representing the loss of males to 

migration over the range of ages at which they migrate (km).  
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The net revenue function presented in equation (1) is maximised subject to equations 160 

(3) and (4). Insight into the characteristics of an optimal solution for this model can be 

gained through analytical methods by formulating a Lagrangian system, similar to that 

derived by Conrad (1982): 
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This yields the First Order Conditions (FOCs) collectively as: 
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for k=[ka,…,ks-1], 170 
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for k=[ka,...,ks-1]. 175 

The first FOC (equation 6) requires that under the optimal management policy the net 

benefit accruing to the marginal harvested unit of cohort k (Pk) be equated to the 

marginal cost of harvest (
tk

tktk

Y

YXC

,

,, ),(

∂
∂

, which is positive by definition) and the 

opportunity cost of exploitation (user cost) ( 1,1 ++⋅ tkλρ ). The latter term is the present 

value of a marginal increase in the state variable, the eel stock of cohort k at time t, in 180 

the next time period. It therefore represents the future cost associated with current 

harvest. Although this First Order Condition and its interpretation are identical to 

those derived by Conrad (1982), the underlying biological model is significantly 

different in this analysis because of the addition of a density-dependent stock-

recruitment relationship, the consideration of semelparity, sexual dimorphism, 185 

delayed recruitment, and density-dependent growth. This increased complexity leads 

to distinct differences in the following conditions derived from the Lagrangian 

function specified in equation 5. 

The second FOC (equation 7) specifies how all harvested cohorts should be managed 

under the optimal strategy. The optimal management of a harvested longfin cohort 190 

requires that the marginal value of an additional tonne of eels in cohort k at time t 

(λk,t) is equated to the sum of the benefit of decreased costs arising from an additional 

unit of stock in cohort k at time t (
tk

tktk

X

YXC

,
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∂
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, which is negative by definition) and 

the marginal benefit accruing to an unharvested tonne of eels in the next period 
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negative function of the stock level, as while an unharvested unit of biomass and its 

growth is available for harvest in the next period, leaving this stock also decreases the 

adult growth rate as competition for food and space increases.  

The third FOC (equation 8) specifies that for the optimal management of the 

spawning cohort (ks), the discounted value of the young reaching the first adult 200 

cohort, as a function of the spawning stock t+ω years before, should equal zero. This 

is intuitive given that there are benefits accruing to a higher spawning biomass if the 

discounted marginal value of the first adult cohort is positive.  

Equations (9) and (10) are simply the recruitment and growth constraints as specified 

earlier.  205 

These conditions aid in the identification of the multidimensional nature of the user 

cost accruing to the harvest of a younger year class within the longfin fishery. First, 

since the price received for harvested eels increases with their mean size and age, the 

exploitation of biomass in a younger year class prevents the harvest of these eels in 

later years when a given unit of biomass is more valuable ceteris paribus. Second, 210 

exploitation of a given unit of biomass in a younger cohort prevents the harvest of this 

biomass and its future growth. Third, exploitation of a younger year class will 

decrease the future ability of this biomass to lower harvesting costs, which is possible 

through the inclusion of a stock-related cost externality. Fourth, harvest denies 

individuals the chance to make a reproductive contribution, given that all fishing 215 

mortality occurs before spawning due to semelparity. Conversely, cropping has a user 

benefit, in that exploitation will increase growth rates due to decreased competition 
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among individuals.  

Numerical Solution of the Age-Structured Model  

More detailed insight into the optimal management of this population can be obtained 220 

using numerical methods. The numerical model involves the description of fish in 

each age class by a mean weight and length using data in Beentjes et al. (1997) and 

Chisnall, Hicks, and Martin (2002). This is consistent with the use of the longfin stock 

of the lower Waikato River of New Zealand’s North Island as a basis for this analysis, 

as these studies also analysed populations in this river or its tributaries. 225 

The simulated life cycle of a longfin eel involves the annual graduation of individuals 

from one age class to the next, beginning at the elver stage. This analysis assumes 

equal sex ratios for recruiting eels (Jellyman et al. 2000). Eels first become vulnerable 

to gear and shift from the juvenile to the adult life-stage at eleven years of age. 

Therefore, ka=kh=11.  230 

The proportion of males that migrate at each age are calculated by comparison of 

length-at-age data of individuals in the studied stock and that for sexually mature 

males as in Todd (1980). Males mature between the ages of twelve and eighteen years 

within this model, therefore all longfins surviving past eighteen years of age will be 

female.  235 

All females are assumed to mature at the age at which their average individual length 

is closest to that corresponding to the mean size of migrant females (1156 mm) (Todd 

1980), which is thirty-one years in this habitat. Therefore, ks=31. The last year class 

vulnerable to gear is kH=ks-1=30 as spawning females are seldom harvested. 
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Females are assumed to take six months to swim to oceanic spawning grounds from 240 

their freshwater habitat, with young taking eighteen months from the time they hatch 

in the ocean until they arrive in their freshwater home range. Therefore, the lag (ω) 

between escapement and the biological recruitment of elvers corresponding to this 

spawning event is two years. The life cycle is summarised in Figure 1. 

[Insert Figure 1 here]  245 

The area of the study region is identified using Geographic Information Systems 

(GIS). This figure and biomass density information from Chisnall, Hicks, and Martin 

(2002) is used to identify an estimate of the virgin biomass (X0). Following Campbell, 

Hand, and Smith (1993), a simulation model is developed using this estimate and is 

used to identify a value for the density-dependent growth factor (φ). This enters the 250 

model through the following relationship: 

)( 0 ADX XXG
AD

−⋅= φ . (11) 

This equation defines that there will be no growth at virgin biomass, but this will 

increase as the adult stock level, and consequently competition among individuals, 

decreases. 255 

Instantaneous growth rates for each discrete growth period between birth and entry 

into the first adult cohort (ka) are identified using growth relationships from Chisnall, 

Hicks, and Martin (2002). The rate of natural mortality is taken from Hoyle and 

Jellyman (2002).  

Following Ricker (1975), an analytical relationship between the size of the spawning 260 

biomass and consequent recruitment is developed. This approach is necessary as no 
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escapement and recruitment data is available for this species. A Beverton-Holt stock-

recruitment function (Beverton and Holt 1957) is used because the density-dependent 

mortality of young is feasible as competition for food and predation can incur high 

elver mortality before their establishment of a home range in freshwater.  265 

Prices are drawn from telephone interviews with New Zealand’s five major eel 

processors. Harvesters are paid a higher price for individuals of a greater size, which 

is represented in this model as a price that increases with age.  

The estimation of a suitable cost function is difficult because of a lack of stock 

information and the poor quality of harvest and effort data. Given this deficiency, a 270 

positive stock-related cost externality is represented through the inclusion of a 

harvest-stock ratio term in the cost function: 
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where c is the cost of harvesting one tonne of eels (in dollars per tonne) and i is an 

exponent describing the strength of diminishing returns to the stock of cohort k at time 275 

t. The harvesting cost parameter (c) is estimated from a survey of harvesters who are 

licensed to fish in the study region. This parameter includes the opportunity cost of 

employment. The exponent i is held at unity for the base model. 

The exogenous parameters used in the model are presented in Table 1. It is assumed 

that stock dynamics and economic parameters remain the same over the period of 280 

study. The estimated prices in Table 1 demonstrate that price increases most 

significantly in the model when an eel is above twenty-one years of age, the 

equivalent of 1.5 kg in weight. 
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[Insert Table 1 here] 

The long-term steady-state solution is identified for this model using non-linear 285 

programming through the utilisation of the CONOPT2 solver in the General 

Algebraic Modelling System (GAMS) (Brooke, Kendrick, and Meeraus 1988).  

Results and Discussion 

Equilibrium management within the base model is characterised by the majority of 

harvest (97 percent) coming from the most valuable age classes (year classes twenty-290 

one to thirty, which are all female) (Figure 2). This intuitive concentration of harvest 

on the most valuable cohorts has been demonstrated previously for stocks 

incorporating a significantly lower number of age classes (Conrad 1982, Moyle 

1999). However, in contrast to these analyses, the presence of semelparity and the 

longevity of the longfin eel mean that harvest may be sustained over a significant 295 

number of cohorts in equilibrium, albeit at low rates because of slow growth. 

[Insert Figure 2 here] 

Although harvest is concentrated on the most valuable cohorts in the base model, the 

use of a constant price across all year classes fails to significantly alter the optimal 

equilibrium strategy (Figure 3).2 While the proportion of catch taken from year 300 

classes twenty-one to thirty does decrease, reflecting the importance of price to some 

degree, Figure 3 shows that total harvest should consist of larger longfin females even 

when no premiums are paid for these eels.  

[Insert Figure 3 here] 

The optimality of concentrating harvest on older fish is consistent with the 305 
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opportunity cost of harvesting them at a sub-optimal size. The magnitude of this 

opportunity cost is pronounced as longfins are long-lived and thus exploitation of a 

young year class in the current period will affect the fishery for many years as this 

weakened cohort moves sequentially through the population before it spawns. The 

partial cropping of the most valuable year classes, with exploitation increasing as 310 

spawning draws nearer (see Figures 2 and 3), demonstrates that the importance of user 

cost to the determination of an optimal age structure is magnified when the full 

complement of year classes within a fish stock is considered.  

While some evidence exists for depicting eel growth as density-dependent (Chisnall 

and Hicks 1993; Jellyman 1997), a number of population models constructed for the 315 

longfin have not included this specification (Jellyman et al. 2000, Hoyle and Jellyman 

2002). The sensitivity of the optimal equilibrium age structure to density-independent 

growth factors for adult eels is therefore investigated.3 Although the estimated growth 

rate declines with eel age, harvest is concentrated solely on the last six cohorts 

available to the fishery, with exploitation building as spawning draws near (Figure 4). 320 

Exploitation of year classes begins later, in comparison to those scenarios depicted in 

Figures 2 and 3, as cropping no longer has a user benefit since the adult growth rate is 

independent of stock size. This independence promotes maintenance of much stronger 

cohorts, since significant cost savings will accrue to the retention of fish because of 

the existence of a stock-related cost externality.  325 

[Insert Figure 4 here] 

Additional sensitivity analysis identified that the equilibrium age structure for the 

base model depicted in Figure 2 is robust to changes in the magnitude of the stock-

related cost externality, as represented through the exponent i. Alteration to the 
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strength of the stock effect could be expected to promote the heavy harvest of a 330 

younger cohort, as the benefit accruing to this biomass, in regard to lowering future 

harvest cost, would be decreased. However, this is dominated by the other 

components of the user cost accruing to the harvest of a young longfin year class.  

Focusing exploitation solely on older cohorts would theoretically lead to a change in 

demand elasticities so that smaller eels become more valuable relative to larger fish. 335 

However, New Zealand’s eel exports comprise only a small proportion of world 

supply. For example, the on growing of wild eels in eastern Asia produces around 150 

kilotonnes of eel product annually (Moriarty and Dekker 1997), in contrast to a mean 

annual harvest of 1460 tonnes in New Zealand since 1980. In addition, the robustness 

of the optimal age structure to significant changes in a number of important 340 

parameters indicates that such an effect, if it did exist, is likely to be small. 

These numerical results reinforce the importance of the multidimensional nature of 

user cost identified by the analytical model. Harvest builds gradually as a female year 

class approaches spawning (Figures 2 to 4). This reflects that the value of a number of 

important benefits accruing to the retention of year class strength are declining as the 345 

time that a cohort is vulnerable to the fishery decreases. These benefits are the chance 

for a cohort to grow, contribute to reducing harvesting costs, and progress into a more 

valuable age group. These dominate the user benefit accruing to harvest, the increase 

in the growth rate associated with reducing competition. The cropping of the terminal 

harvestable cohort (year 30) is promoted above that for other year classes (see Figures 350 

2 and 3), given that the three components of user cost listed above no longer accrue to 

it, because in the next year it is no longer available to the fishery. Exploitation of 

younger cohorts is not promoted through the increased mortality of older fish, since 
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the natural mortality of longfins is low (M=.04) across all non-migratory year classes.  

A number of authors have identified the importance of a number of the effects listed 355 

above (Anderson 1989, Schott 2001). However, together with the analytical solution 

of the model, this numerical analysis indicates that the implications of harvesting a 

younger cohort may be numerous when more detail–for example, a spawner-

recruitment relationship and density-dependent growth–is incorporated in the 

underlying biological model. The combined strength of these effects pinpoints the 360 

inefficiency of permitting exploitation to significantly lower the mean age within a 

fish population. This inefficiency is magnified in fisheries exploiting populations in 

which individuals attain a greater age than that depicted in this analysis,4 especially 

those that are iteoparous, since the foregone benefits accruing to the exploitation of an 

individual in a younger year class will have a greater residual effect.  365 

These findings demonstrate the need to target exploitation towards older age classes 

in multiple-cohort fish populations. The practical utility of analytical models for the 

formulation of policy for multiple-cohort populations must also be carefully 

considered, given that underestimating the magnitude of user cost reduces the strength 

of the apparent incentive to sustain younger cohorts.  370 

The identification and implementation of policies that are effective in incorporating 

user cost in the decision-making of harvesters is paramount since fishers within an 

open access multiple-cohort fishery will ignore the future cost of current harvest 

(Stollery 1984). The most important strategy for increasing the mean age of a given 

population is one that secures property rights over the harvested stock, for example 375 

the use of Individual Transferable Quotas (ITQs). This will theoretically prevent the 

harvest of fish of sub-optimal size as fishers attempt to maximise the value of quota. 
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In addition, harvesters have an incentive for retaining strong younger year classes in 

order to realise the benefits of maintaining an older stock identified in this analysis.  

The implications of open-access conditions were investigated through the use of an 380 

enormous discount rate in a dynamic version of the model implemented over a sixty-

five year period. Intense harvest intuitively occurred over the first two years of 

management, reducing the stock by 95 percent to a mere three tonnes, which was 

maintained over the remainder of the management horizon. This result confirms that 

competitive behaviour among harvesters has harmful implications for the 385 

conservation of multiple-cohort fisheries and highlights the importance of establishing 

property rights for their effective protection. However, even with the application of 

rights-based management, the race for fish may remain as competition for older, more 

valuable year classes and the consequent overharvest of these cohorts will promote 

the capture of younger fish. The long-term implications of this action may be 390 

significant, especially for long-lived species with a semelparous reproductive pattern, 

such as the longfin. These difficulties are compounded when stock levels are highly 

variable or uncertain. 

The effectiveness of rights-based management in age-structured fisheries would be 

promoted through the addition of minimum age/size restrictions. These can be 395 

enforced through the introduction of escape tubes and minimum mesh sizes. 

Establishing these restrictions would bring the age structure of the fishery closer to 

that suggested as the theoretical optimum by this model through increasing the mean 

age of these populations and overcoming some of the practical shortcomings 

associated with an assumption of perfect selectivity. 400 

The implications of imperfect selectivity were investigated in an additional run of the 
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model that required harvest to be constant across all vulnerable cohorts. Maintaining a 

constant exploitation rate across age classes led to a 25 percent decrease in profit. 

This demonstrates that significant efficiency gains are likely to accompany increases 

in the minimum age/size of fish at harvest and improving the age selectivity of gear. 405 

However, accurate estimation of sustainable harvest is required if adequate 

escapement is to be maintained since it is difficult to set minimum age/size 

restrictions to protect spawning biomass while maintaining a target population of 

sufficient size. This is particularly challenging for a semelparous species, such as the 

longfin eel. 410 

Rights-based management and age/size restrictions hold promise as practical 

measures that may help to move a fishery closer to the theoretical optimum suggested 

by the findings of this study. However, the above discussion has highlighted that their 

effective application to an age-structured fishery may be problematic. In addition, this 

research has not investigated the optimal time-path of recovery and therefore has not 415 

explored the dynamic implications of these policies. This is a critical area in which 

further research is required since adjustment towards an older population may be 

significantly costly in fisheries where the current mean age is particularly low.  

Footnotes  

1This approximate relationship is verified through the comparison of a high number of length-weight 420 
relationships reported for longfin eels in Chisnall and Hicks (1993) and Beentjes (1999).  

2The mean price from the schedule in Table 1 is used for all cohorts to investigate the effect of a 

constant price. This price is $4922.50. 

3The same method used to derive estimates of instantaneous growth rates for juveniles is used to 

calculate fixed growth factors for adult year classes.  425 
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4For example, the orange roughy, a valuable commercial fish species in New Zealand, reaches sexual 

maturity around twenty years of age and may grow for another eighty years before death (Campbell, 

Hand, and Smith 1993). 
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Figure 1. Generalised life cycle of the analysed longfin eel population. 
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Table 1.  490 

Description of exogenous parameters. 

Parameter Description Value 

Pk Price for harvested cohort k Pk=$4350/tonne for k =11-14, Pk=$4540/tonne for 

k=15-17, Pk=$4850/tonne for k=18-20, 

Pk=$5950/tonne for k=21-30 

c Cost of harvesting one tonne 

of eels  

c=$2380.12/tonne 

µ(km) Instantaneous rate of male 

migration as a function of 

age 

µ(12)=-.015, µ(13)=-.035, µ(14)=-.105, µ(15)=-

.114, µ(16)=-.149, µ(17)=-.057, µ(18)=-.025 

X0 Virgin biomass X0=690 tonnes 

�
=

−
ak

k
k MG

0

)(  
Survival rate for juveniles 

�
=

−
ak

k
k MG

0

)( =4.65 

M Instantaneous annual rate of 

natural mortality 

M=.04 

φ Density-dependent growth 

factor 

φ=.0004 

a Parameter for spawner-

recruitment function 

a=.014 

b Parameter for spawner-

recruitment function 

b=.067 
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Figure 2. Equilibrium stock and harvest levels for each of the most valuable year 

classes and the spawning cohort for the base parameter values. 

 495 
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Figure 3. Optimal equilibrium stock and harvest levels for a constant price. 
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Figure 4. Optimal equilibrium stock and harvest levels for each of the most valuable 500 

year classes and the spawning cohort when growth is density-independent. 

 


