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ABSTRACT 

This dissertation investigates the implication of combining economic and ecological 

models in an effort to expand our knowledge of the complex problems associated with 

resource management. The motivation for this research arises from the perceived need 

to develop a better understanding of how the flow dynamics within a resource affect 

the efficient management of that resource. 

Following the introduction, the second chapter experimentally tests the theoretical 

models of agent behavior in patchy resource environments under both sole-ownership 

and competitive extraction regimes. In each setting experimental results indicate that 

subjects over-allocate vessels to regions that possess the greatest rates of emigration 

within the bioeconomic system relative to the theoretical predictions. This introduces 

a "spatial externality" because over-harvesting in one region reduces the harvest in 

the surrounding regions. 

The third chapter proposes a potential solution to the problems associated with 

a spatial externality by analyzing the use of marine reserves in the presence of a 

heterogeneously distributed resource. This is conducted by introducing the presence 

of biological "hot spots" (areas within a fishery that possess a larger growth potential 

than the surrounding areas) with spatial rates of migration into the current economic 

theory. Simulation results indicate that the presence of biological hot spots within a 

fishery creates an environment within which it is optimal to establish a marine reserve 

that increases the value of the fishery. 

The fourth chapter makes use of my earlier experimental and simulation research, 

which indicate that locational choice and the spatial distribution of effort should 

affect the management of the fishery. Within this chapter a spatial Heckit model 

is developed to empirically investigate for the presence of herding behavior among 

yellowfin sole and Pacific cod fishermen in the Eastern Bering Sea. Econometric 
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results provide support for herding behavior among fishermen within the yellowfin sole 

fishery. Moreover, fishermen respond to the lagged biomass and spatially weighted 

biomass signals as significant determinants of locational choice. This results in Lotka-

Volterra oscillations in the Pacific cod fishery. 

In the final chapter of this dissertation, the general findings are concluded and 

some future avenues of research are discussed. 
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Chapter 1 

DISSERTATION INTRODUCTION 

"To waste, to destroy, our natural resources, to skin and exhaust the 

land instead of using it so as to increase its usefulness, will result in 

undermining in the days of our children the very prosperity which we 

ought by right to hand down to them" 

Theodore Roosevelt, message to Congress, December 3, 1907 

This dissertation investigates the implication of combining economic and ecolog

ical models in an effort to expand our knowledge of the complex problems associated 

with resource management. The economic viability of our currently over-exploited 

resources is contingent upon the development and implementation of ecologically sus

tainable models of resource use. Current economic models, although providing valu

able insight into economic behavior, often fail to incorporate the resource's ecological 

structure. The motivation for this research arises from the perceived need to develop 

a better understanding of how the flow dynamics within a resource affect the efficient 

management of that resource. Fisheries have been selected for this analysis because 

they not only possess complex flow systems, but many are currently begin exploited 

unsustainably. The methodology outlined in my research, however, is not limited to 

fisheries as it may be applied to a number of other natural resources. Incorporat

ing the complex ecological structure of the resource into current theoretical models 

serves to not only increase the social welfare of harvesting agents, but to increase the 

effectiveness of resource management. 

The second chapter of this dissertation experimentally investigates the theoretical 

steady-state predictions derived in the presence of patchy resource environments. A 
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patchy resource environment is characterized by a spatially differentiated resource 

stock with biofeedback loops, implying that spatial rates of immigration and emi

gration exist among the respective populations. Two forms of theoretical predictions 

are tested in this experimental research, the open access equilibrium developed by 

Sanchirico and Wilen [61] and the benevolent social planner's allocation, which is 

derived within this section of my research. Subject behavior is compared to the theo

retical predictions for the steady-state biomass and effort levels, which are predicted 

by the two alternative resource management regimes. In each setting experimental 

results indicate that subjects over-allocate vessels to regions that possess the greatest 

rates of emigration within the bioeconomic system relative to the theoretical predic

tions. These findings augment the work of Hey, Neugebauer and Sadrieh [34] who 

observed little over-harvesting in a non-spatially differentiated resource. My research 

not only reinforces their findings for the degenerate patchy resource environment 

(zero rates of immigration and emigration) but also illustrates that the incorporation 

of biofeedback loops leads to the over-harvesting of the resource. This introduces a 

"spatial externality" because over-harvesting in one region reduces the harvest in the 

surrounding regions, which emphasizes the importance of locationally based fishery 

micro-management. 

The third chapter of this dissertation proposes a potential solution to the prob

lems associated with a spatial externality by analyzing the use of marine reserves in 

the presence of a heterogeneously distributed resource. This is conducted by intro

ducing the presence of biological "hot spots" (areas within a fishery that possess a 

larger growth potential than the surrounding areas) with spatial rates of migration 

into the current economic theory. The introduction of biological hot spots is achieved 

by allowing for heterogeneity in either the intrinsic growth rates or in the carrying 

capacities within a fishery. Simulation results indicate that the presence of biological 

hot spots within a fishery creates an environment within which it is optimal to estab

lish a marine reserve that increases the productivity, and therefore the value, of the 
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fishery. This expands on ear her findings, which illustrate that a marine reserve will 

reduce the value of a fishery when one assumes a homogeneously distributed resource 

(Conrad, [17]). In addition, the optimal percentage of the overall fishery designated 

as a marine reserve is influenced not only by the productive capacity of the marine 

reserve and the surrounding fishing grounds but also by the degree of heterogeneity 

that exists within the fishery. This illustrates that the division of a heterogeneous 

fishery into a marine reserve and a fishing ground with uniformly distributed effort 

generates a positively sized, optimal marine reserve. 

The fourth chapter of this dissertation makes use of my earlier experimental and 

simulation research, which indicate that locational choice and the spatial distribution 

of effort should affect the management of the fishery. This research is unique in that 

it incorporates recent developments in spatial econometrics (Kelejian and Prucha, 

[39, 40]; Druska and Horrace, [20]; Fleming, [24]) into the locational choice model to 

allow for spatial spillovers among fishermen. This is achieved by developing a spatial 

Heckit model, which may be used when data has been screened for confidentiality. In 

addition, biomass estimates serve as a signal for locational concentrations of popu

lations, which are used as a potential determinant of locational choice. Econometric 

results provide support for herding behavior among fishermen within the yellowfin 

sole fishery of the Eastern Bering Sea because they concentrate their effort in lo

cations where the surrounding effort concentration is higher. Moreover, fishermen 

respond to the lagged biomass and spatially weighted biomass signals as significant 

determinants of locational choice. This results in Lotka-Volterra oscillations in the 

Pacific cod fishery of the Eastern Bering Sea. These findings are paramount because 

understanding the determinants of locational choice is integral to the success of fish

eries management policy. This becomes even more important when juxtaposed with 

biological indications that resources are heterogeneously distributed and the potential 

for spatial externalities exist within marine fisheries. 
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In the last chapter of this dissertation, the general findings are concluded and 

some future avenues of research are discussed. These future research projects will 

coalesce into a research agenda focused on the development of efficient and effective 

fisheries policy. 

The research culminating in this dissertation is predicated on the belief that ef

ficient management of natural resources is contingent upon the expansion of our 

economic models to incorporate facets of complex ecological systems into current re

source management policies. It is in the development of new management tools that 

we can create environments in which both the economic and ecological benefits of 

a resource are maximized, thereby increasing the welfare of resource harvesters and 

encouraging sustainable resource management. 
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Chapter 2 

DECISION MAKING IN PATCHY RESOURCE 
ENVIRONMENTS: AN EXPERIMENTAL ANALYSIS 

2.1 Introduction 

The complexities of common-pool resources have been of significant interest to 

environmental and natural resource economists. Most of the work in this field has ig

nored the heterogeneous or "patchy" component of common-pool resources. Instead, 

previous research has focused on the theoretical predictions of agents in a homoge

nized and uniformly distributed common-pool resource. This research experimentally 

analyzes the behavior of subjects in a patchy resource environment, characterized by 

heterogeneity in the resource stock, under sole-ownership and competitive extrac

tion regimes. Results indicate that subjects fall into two separate groups, conservers 

and over-harvesters. Within these two groups, subjects are "biting the hand that 

feeds them" by over-allocating vessels in locations that possess the largest rates of 

emigration. 

Although earlier research efforts have assumed a homogeneous resource, they have 

helped shed light on how agents behave within a common-pool resource. The seminal 

research conducted in this area was initiated by the work of H. Scott Gordon [26] 

and Vernon Smith [70, 71], when they theoretically modelled agent behavior within 

a common-pool resource. These investigations laid the foundation for the incorpo

ration of modern ecological models into the characterization of decision making in a 

heterogeneous common-pool resource, patchy resource environment. 

The pioneers in the field of decision making in patchy resource environments are 

James Sanchirico and James Wilen [61, 62], who developed one of the theoretical mod

els that is experimentally analyzed in this effort. Sanchirico and Wilen have combined 
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the ecological models of resource migration and growth developed by Levine [44, 45] 

and Hastings [31, 32], with the cornerstone economic hterature of Gordon [26] and 

Smith [70, 71]. From this complex model, Sanchirico and Wilen have theoretically 

characterized the steady-state biomass levels, agent effort and harvest levels within 

patchy resource environments under the assumption of open access. In addition to 

utilizing Sanchirico and Wilen's theoretical model, this research effort relaxes the 

assumption of open access and theoretically characterizes the steady-state biomass 

levels, agent effort and harvest levels within a patchy resource environment under the 

assumption of sole-ownership. Although these models have numerous implications for 

environmental policy, which could be tested empirically, this chapter utilizes the ex

perimental economics laboratory to test these theoretical predictions regarding effort 

concentrations and biomass levels. 

This chapter will be organized in the following manner. Section 2.2, provides a 

brief overview of the literature conducted on common-pool resources and the potential 

implications of adopting these new models. Section 2.3, illustrates the theoretical 

model developed by Sanchirico and Wilen [61] and its predictions regarding steady-

state effort and biomass levels. In addition, using the same resource characterization, 

a profit maximization model will be introduced to determine the solution to the 

"benevolent social planner's problem" in these environments that maximizes the net 

present value of the resource. Section 2.4, describes the experimental structure used 

to test these theoretical predictions. Section 2.5, describes the experimental results 

and Section 2.6 will provide a discussion and conclusion regarding the experimental 

findings. 

2.2 Literature and Model Implications 

The conventional view of common-pool resources has been characterized by two 

factors. First, within a common-pool resource it is extremely difficult to exclude an 
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agent from the harvest of the resource and second, the subtractabihty of the resource 

is high ( Ostrom, Gardner and Walker, [53]).^ This chapter adds a third, critical 

component to the characterization of a common-pool resource. This chapter assumes 

that resources are heterogeneous and the degree of heterogeneity in the resource 

strongly affects the potential harvest of the resource. This added dynamic augments 

the conventional view of common-pool resources by not only allowing for a high level 

of subtractability in the resource, but by also allowing for high rates of extraction 

in one area to determine the availability of resources in the connected areas of the 

resource pool. 

Initial research in the area of common-pool resources can find its roots in the work 

of H. Scott Gordon [26] who was the first to argue that harvesting within a common-

pool resource will continue until the average gross product of all fishing grounds is 

equal to its opportunity cost. This allowed the marginal product in any one fishing 

ground to be negative and lower than the marginal benefit from harvesting in a given 

location. Cheung [14] continued Gordon's argument when he concluded that an agent 

would participate in the harvest of a resource as long as the residual value left in the 

resource is greater than the opportunity cost. Both of these papers assumed that 

the resource was homogeneous. Allowing for heterogeneity in the resource by incor

porating biofeedback among varying resource stocks further complicates the models 

developed by Gordon, Smith and Cheung by introducing a spatial externality in the 

harvest of the resource. 

In addition to the spatial externalities that a heterogeneous resource environment 

introduces, the standard common-pool resource externalities exist. Stock and crowd

ing externalities (Smith, [70, 71]) and congestion externalities (Brown, [9]) can still 

be incorporated into the heterogeneous environments by making the production and 

cost functions a function of the aggregate harvest level. Therefore, including the 

'^The high subtractability of a resource imphes that each agent's harvesting decision has a non-
trivial impact on the resource stock. 
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spatial dynamics of the underlying resource expands the current theoretical models 

and makes their hypotheses and findings more robust. By fusing together the eco

nomic and biological models that define the bioeconomic system, a more complete 

theoretical picture can be developed. 

These experiments look at the effects of spatial stock externalities in heterogeneous 

environments. Although the inclusion of crowding and congestion externalities are 

not present, obvious extensions can be made by incorporating them in the harvest 

and cost functions at a later date. This is not to say that the inclusion of these 

externalities is not valuable. However, it is necessary to first isolate the effects of the 

new introduction, spatial externalities, on the conventional model before complicating 

the model to incorporate what may be a more reafistic environment. 

In addition to incorporating the spatial externalities into the experimental struc

ture, these experiments look at the dynamic process of decision making in common-

pool resources. Aside from recent experimental research looking at total allowable 

catch decisions in a fishery under perfect and imperfect information (Hey, Neugebauer 

and Sadrieh, [34]), the optimal sized fishing fleet (Moxnes, [50]) the optimal use of 

reindeer rangelands (Moxnes et al, [52]) and the dynamic level of firm market coop

eration in the commons (Mason and Phillips, [47]), this analysis is different than the 

current resource experiments which have focused on one-shot games in a common-pool 

resource environment (Ostrom,Gardner and Walker, [53]; Keser and Gardner, [41]) 

and the failure of agents to achieve the predicted Nash Equilibrium. However, these 

experiments do suggest an intriguing extension of the spatial experiments conducted 

by incorporating communication, which has been shown to dramatically increase al-

locative efficiency (Ostrom, Gardner and Walker, [53]). These experiments do incor

porate the theoretical findings of Paul Seabright [67] by comparing agent behavior 

in a sole-ownership regime with their behavior in the open access setting. Seabright 

illustrated that the destruction of a resource was less Ukely under sole-ownership than 

under open access. This hypothesis will be analyzed in the experiments conducted. 
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By including the spatial dynamics of the underlying biomass in a common-pool 

resource model, we will be able to learn more about agent behavior and the theoretical 

hypotheses that these models generate. After we learn the implications of these 

processes, we can potentially develop instruments to eliminate the "tragedy of the 

commons" (Hardin, [29]) within these environments. 

2.3 Theoretical Model 

There are two theoretical models used as benchmarks to analyze the performance of 

subjects within the experiment. The first theoretical model presented is constructed 

on the foundation laid by the work of Gordon and Smith which incorporates their 

hypotheses on rent dissipation in a common-pool resource.^ The second model is 

the social planners optimization of the resource, which represents the theoretical 

predictions in an ideal resource extraction environment under sole-ownership. 

The first model is based on the assumption that an agent will make resource 

extraction decisions across different regions according to their relative profitability. 

The main hypothesis is that agents will allocate their efforts across the resource 

distribution until the average product of all locations is equal. Although current 

theory still invokes the findings of this earlier literature, the primary difference is the 

ecological structure of the resource. Following the work of Levin [44, 45] and Hastings 

[31, 32] a spatially heterogeneous resource model can be structured as follows: 

N 
X i  =  f i i X i )  +  6 u X i  + ^6jiXj for j = 1 ,N (2.1) 

where Xi is the instantaneous rate of change of the resource stock in location i, 

fi{Xi) is the growth function for the resource stock,Xj, da is the the rate of emigration 

from patch i, and Sji is the rate of immigration from stock j to stock i and N is the 

^The patchy resource model developed under the open access assumption is identical to that 
illustrated by Sanchirico and Wilen [61], 
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number of locations within a fishery. Within this model the net dispersal rate for any 

given patch is defined as follows: 

N 
NDi = SiiXi + y^SjjXj for j = 1 ,N (2.2) 

where the variables have been defined above. These net dispersal functions charac

terize the new theoretical model used to analyze an agent's behavior within a common-

pool resource in the presence of migrating biomass. 

There are five potential environments that these net dispersal functions can be 

used to define: fully-integrated, closed patch, sink-source, multiple-source, and a 

spatially-linear system (Sanchirico and Wilen, [61]). This chapter will focus on the 

fully-integrated, sink-source and the closed patch environments. A fully-integrated 

system is characterized by all emigration rates being negative and all immigration 

rates being positive across all N resource stocks. A closed patch system exists when 

no emigration or immigration exists between the resource stocks and is illustrative of 

the traditional common-pool resource model. A sink-source model incorporates one 

stock area which possesses a negative rate of emigration and no immigration, while 

all other stocks have zero emigration and positive immigration. 

Having defined the temporal dynamics that can be used to characterize the re

source stock in a patchy resource environment, it is necessary to describe an industry's 

open access use of the resource. This side of the model follows the work done by Gor

don and Smith in which the average net revenues generated per a vessel can be defined 

as: 

N R = \ PH { E , X ) - C { E , X ) - KE ] / E  (2.3) 

where H { E ,  X )  is the harvest rate as a function of the aggregate effort level, E ,  and 

the biomass level, X. C{E,X) is the aggregate cost function and k is the opportunity 

cost associated with the inputs used to harvest a given resource. Gordon used this 
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model in his static equilibrium predictions, which stated that effort levels increase 

until the average gross profits equal the opportunity cost. In addition, Smith used 

this model by incorporating the homogenized resource stock to describe a dynamic 

process of entry and exit. His model stated that entry would ensue as long as average 

rents were positive, whereas exit would occur when average rents were negative until 

the aggregate effort level reached equilibrium. Smith defined this function of dynamic 

effort changes as G{NR). When G{NR) is positive it represents increasing effort levels 

and when negative decreasing effort levels. 

Having defined this process, the following rate of change equation can be developed 

regarding an agent's effort level: 

N 
Ei - Gi{NRi) + NR^) for j = 1 ,N (2.4) 

where Ei is the instantaneous rate of effort change for location i and Dji is the 

dispersal of agents from stock j to i and is assumed to be a function of the net 

revenues that can be achieved at the two stocks. Following the convention utilized 

by Sanchirico and Wilen [61], Gi{NRi) will be assumed to take a linear form where 

Gi{NRi) = SiNRi, and Dji = Sji{NRj — NRi). Combining these assumptions allows 

us to redefine Equation 2.4 as follows: 

N 
Ei = SiNRi + — NRi) for j = 1 ,N (2.5) 

Using the instantaneous rate of change functions illustrated in Equations 2.1 and 

2.5 the spatial open access equilibrium for the resource can be characterized as follows: 

N 
Xi = fiiXi)  + 5ii  + J2^jiXj -  HiEi,  Xi)  := 0 for j = 1 ,N (2.6) 

N 
Ei = SiNRi + 'y^Sji{NRj — NRi) = 0 for j = 1 ,N (2.7) 
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The above equations characterize the steady-state equihbrium of the bioeconomic 

model under open access. In the case that the resource is being harvested in disequilib

rium, both the biological and economic models will push the system into steady-state 

equilibrium. In the case that too much effort is being expended in one area, the 

potential net returns at alternative locations will attract a shift in effort level, an 

increase in the Dji function. In addition, if the resource is being over-harvested the 

growth function and dispersal rates will make the resource less attractive relative to 

alternate locations. 

Assuming the form of the growth function, fi{Xi), production function, Hi{Ei, Xi), 

and cost function, Ci(Ei,Xi), the steady-state equilibrium levels for the biomass and 

effort can be determined. Sanchirico and Wilen characterized the growth function 

using the logistical growth function as it is conventionally used in both the ecology 

and economics literature (Clark, [15]). This function can be represented as follows: 

where Ki is the carrying capacity of the resource stock at location i and is 

the intrinsic growth rate for stock i. To characterize the production and cost func

tions, Schaefer's harvest (Schaefer, [64]) and a linear cost function will be used. The 

functional representation for these are as follows: 

where qi is the catchability coefficient for stock i and c is the marginal cost per 

unit of effort. Using these functional representations, Sanchirico and Wilen solved for 

the following steady-state biomass and effort levels. The steady-state biomass level 

in any area can be represented as follows:^ 

®As Sanchirico and Wilen [61] illustrated, the steady-state biomass levels under open access are 
derived from noting that the net revenues in location i,NRi, are set equal to zero (an assumption 
derived from Equation 2.3). Therefore when solving [{pqiEiXi — cEi — tiEi)/Ei] = 0, we obtain the 

(2.8) 

HiiEi, Xi) = qiEiXi] Ci{Ei, Xi) = cEi (2.9) 



24 

^ ^ {Ci + K) 

PQi 
(2.10) 

This will hold true in any of the three patchy resource environments used within 

the experiment. The steady-state effort levels for each location are characterized as 

follows: 

Using this theoretical model, Sanchirico and Wilen hypothesized that if a resource 

is characterized by the fully-integrated system, effort levels should be lowest in the 

location with the highest cost. In the sink-source system they predict that effort 

should be concentrated in the sinks and not the source due to the contributions that 

the source makes to the sinks. Finally, in the closed system the effort level should be 

equally and evenly distributed among the three locations, provided each possess the 

same cost of harvesting. 

In addition to the findings in their paper, it can be deduced that in the fully-

integrated case effort levels should be reduced at the locations where emigration 

rates are high. This is logical because if a resource is a net contributor to other stock 

locations it should be allowed to contain higher populations in order to increase its 

contribution. The steady-state open access equilibrium represents the first of the 

benchmarks that will be used to test the results within the experiment. 

The second theoretical model used is that of a benevolent social planner whose goal 

is to maximize the net present value of the fishery given the underlying dynamics of 

the resource described above. The social planner's problem can be defined as follows: 

1 
(2.11) 

Maximize (2.12) 

steady-state biomass levels under open access. Also, within the experiment the price and cost are 
discounted by for each of the trial periods. This does not affect the steady-state equilibrium. 
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N 
subject to Xi = fi{Xi) + Sii + 'Y^SjiXj - qiEiXi for j = 1 ,N (2.13) 

j¥=i 

where /? is the discount rate and all other variables are as described above. Defining 

the profit function as follows, iri{Ei,Xi) = pQiEiXi — cEi, the current-value Hamilto

nian for this regime can be constructed as follows: 

N 

N 

Y,[pqiEiXi -  cE, 
_ i—1 
N 

8=1 L 

Letting N = 3 the current-value Hamiltonian becomes: ^ 

f i { X i )  + 6iiXi + y^ ^ S j j X j  — qiEiXi 

(2.14) 

H  ~  [(^"71-^1^1 ~ c E i )  + (p(?2-E'2^2 CE2) + {pqsE^Xs — cE^)] 

+ Ai [ f i { X i )  + 611X1 + 621X2 + <531X3 — QiEiXi] 
(2.15) 

+ -^2 [/2(-^2) + <^22-^2 + <^12^1 + 632X3 — 92£'2-^2l 

+ -^3 1/3(^3) + 633X3 + (^isXi -|- 623X2 — g3E3X3j 

with Xi(0) given and EiMAx > Ei >0 for all i .  Since the current-value Hamilto

nian is linear in the control variablCji^i, the following switching functions are obtained 

for each of the three locations: 

swi = pQiXi — c — XiQiXi for i = 1, 2, 3 (2-16) 

These switching functions indicate that if sWi > 0, then Ei = EiMAx, if swi < 0, 

then Ei = 0 and if sWi = 0 then Ei = Ei. In a steady-state equihbrium the following 

results are obtained: 

4JV is set equal to three because that is the number of locations that are used within the ex
periment. The solutions that are derived from solving the current-value Hamiltonian can easily be 
extended to incorporate TV > 3 locations. 



26 

F, = I-
^ j-^i Xi 

for i = 1, 2, 3 (2.17) 

In order to determine the optimal steady-state biomass levels for each of the three 

locations, Xi, the following system of equations must be solved; ® 

q X i  

f i j X i  

Xi 
p + c 

<̂ 12 ^ 
O21-77 d: 

q X ^  q X s  X i  

+  p [ P - f ^ { X , ) ] = 0  

31 
Xi (2.18) 

q X 2  

f 2 { X 2  

Xo 
P + c 

<521 <^23 

qXi qXs 

+ p[ /?- /^=(X2) ]  -0  

X X ^3 0l2-^ <^32^ 
A2 A2 (2.19) 

q X ^  
/ ^3 (X3) - : ^^ - / ?  

^3 
+ C 

<^31 (^32 

_ q X ,  •  q X 2  ' ^ X s  

+  p [ p - f ' ' ^ i X s ) ] = 0  

where f^*{Xi) is the partial derivative of fi{Xi) with respect to Xi. To solve 

this system of equations that characterize the optimal steady-state biomass levels, 

it is necessary to parameterize Equations 2.18, 2.19, and 2.20 and then numerically 

solve for the steady-state biomass levels. This was conducted using the experimental 

parameters defined in the experiment for the fully-integrated, sink-source and closed 

systems.® 

It is important to note that the closed system environment is identical to the 

typical common-pool resource with a homogeneously distributed resource. However, 

this environment exists in all three locations. Incorporating the closed system en

vironment allows for the decision dynamics of the other two resource environments, 

-'23 
(2.20) 

®These equations were derived from solving the current-value Hamiltonian within this regime. 
®This was conducted using MAT LAB 6 to determine the steady-state biomass levels under 

sole-ownership. Those interested in obtaining copies of this program can do so by contacting the 
author. 
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fully-integrated and sink-source environments, to be compared to the homogeneous 

common-pool resource environment. 

2.4 Experimental Structure 

The experiments conducted test the theoretical predictions of decision making in 

three patchy resource environments: a closed, fully-integrated and sink-source re

source system. The subject behavior is analyzed under both the sole-ownership and 

the competitive extraction regimes. There were a total of ninety-three subjects who 

participated in these experiments which were conducted in two separate sessions run 

within the same week. Of these ninety-three subjects, sixty-one were paid in cash 

for their participation in the experiment and were recruited from the undergraduate 

student body at the University of Arizona. The remaining thirty-two received class 

extra-credit points and were recruited from the author's Environmental and Natural 

Resource Economics class taught at the University of Arizona. These subjects did 

not receive a flat rate of extra-credit in the course, but were paid based solely on their 

performance within the experiment. One may question whether or not the incentive 

schemes implemented with these two separate groups matters, but upon evaluating 

their converted experimental payments it became evident that these two subject pools 

behaved very similar. Therefore, for the duration of the chapter these two groups will 

be aggregated.'^ 

Upon entering the Economic Science Laboratory at the University of Arizona, 

each subject was assigned a subject number, handed an instruction packet for the 

experiment and randomly assigned to one of the three patchy resource environments. 

The instruction packet was read orally and subjects were provided with additional 

instructions and explanations of the environment via the computer based experiment 

'^Paid subjects participated in a two day experiment with the sessions split by one day. Subjects 
paid in extra-credit points participated in both experimental environments on the same day with a 
small break between the two sessions. 
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screens.® Subjects were assigned to each of the three patchy resource environments so 

that at least six subjects participated in each of the three environments.® For the first 

session of the experiment each subject participated in a five period demonstration 

round of a sole-ownership, fully-integrated environment with different parameters 

than those utilized in the experimental periods. Following the demonstration round, 

which the subjects could repeat as many times as they wished, they were asked three 

questions related to the fundamental concepts integral to their understanding of the 

experiment. These questions pertained to the migration flows present in a patchy 

resource environment, their individual harvest rates and the growth function used in 

the experiment. In the case that any of the three questions were answered incorrectly, 

subjects were prompted to repeat the demonstration round until all three questions 

were answered correctly. Following this, subjects participated in the thirty-five period 

experiment. In addition, subjects earned a residual resource value which was based on 

the remaining resource present and their historical decisions. This was done to ensure 

that the experiment mimicked the theoretical model illustrated in Section 2.3.^° 

For the second session, subjects were paired with two other subjects who had 

participated in the same patchy resource environment in the preceding session. Sub

ject pairing was not conducted randomly, it was conducted based on their relative 

performances within Session One. Following the first session subject earnings were 

calculated and the top three subjects in each experimental environment were paired 

^Subject instructions for both sessions of the experiment are included in Appendix A and B 
respectively. 

®In the case that more than 18 subjects participated in the first session they were assigned to one 
of the three resource environments such that no one experimental environment possessed a larger 
portion of subjects than another. Extra subjects were often accepted in the first session in order to 
ensure that at least 18 subjects returned for the second session. 

'^"The residual resource value was calculated by taking each subjects average vessel allocation over 
the experiment in each of the three locations and using that as the rate of effort that would be 
exerted in the future. Profits were then calculated using this average rate of vessel allocation and 
the remaining biomass concentrations for each location and then divided by a discount rate of 0.07. 
The manner in which the residual value was calculated was described to all the subjects orally, in 
writing, and it was calculated for them in the demonstration rounds to make sure that they had 
ample understanding of its function. 
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together in the second session, represented by Group A. The remaining subjects were 

paired together in the second session and are represented by Group B within the 

experimental results." This non-random pairing was conducted to control for the 

degree of subject awareness within the experiment and differences in their perception 

of the resource environments. As was conducted in the earlier session each subject 

participated in the same five period demonstration round prior to the thirty-five pe

riod experiment and each was required to re-answer the three questions that they 

were asked in the preceding session before entering the interactive session of the ex

periment. The primary difference between the first and second sessions was that 

the aggregate subject decisions determined how the resource level would change and 

subjects did not receive a residual resource value in the second session. 

For each session the subject's options remained the same. They were informed 

of the nature of the patchy resource environment, both within the instruction packet 

and via the computer screens, and that they must decide how many vessels to al

locate to each of the three locations in each of the thirty-five periods within the 

experiment.Each subject was informed about the stock of the resource in each of 

the three locations that were available for harvesting, their catch rate for each vessel 

allocated,^'' a flow diagram illustrating the patchy resource environment, the price 

they would receive for each unit of resource harvested and the cost that they would 

incur for each vessel allocated.^® To simplify the experimental environment, the op-

^^Because more than 18 subjects participated in Session One a number of Session Two experiments 
contained more than 18 participants. When this occurred the fourth through sixth ranked subjects, 
of those present, in each environment were paired together. The extra subjects were allowed to 
repeat Session One. However, their decisions are not included in the data analysis. 

^^Subjects were not awarded a residual resource value in the competitive extraction regime because 
in the open access equilibrium the steady-state profits for each subject is zero. 

^^Subjects were not required to allocate vessels in discrete units, fractions could be entered. For 
example, a subject could decide to allocate 0.5 vessels to a location within any given period of the 
experiment. 

^^The catchability coefficient was set equal to 0.2 for all vessels. This impUes in the theory that 
(Ji = Qj = 0.2 for all i and j. Subjects were informed that for each vessel they allocated to a location 
they would catch 20 percent of the available biomass in that location. 

^®The price per unit of harvest and the cost per vessel allocated did not remain constant throughout 
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portunity cost of participating in the harvest of the resource, K, was set equal to 

zero and the initial biomass was set at half of the carrying capacity for each location, 

0.5K, to represent a relatively unexploited state. Subjects were also provided with 

a graphical chart illustrating the rate of resource growth, the logistical growth func

tion, and mathematical illustrations of how the system temporally evolves. Using the 

experimental parameters. Tables 2.1 and 2.2 illustrate the optimal steady-state vessel 

allocations and biomass levels within the three locations using the two theoretical 

benchmarks described in Section 2.3. The first table representing decision making in 

the sole-ownership regime and the second table in the competitive extraction regime. 

In addition to the subjects earnings within the experiment, they were paid a 

five dollar show-up fee for each of the two sessions.^® The conversion rate used in 

the experiment was one experimental dollar equalled 0.0025 U.S. dollars in the first 

session and 0.01 U.S. dollars in the second session. A larger conversion rate was used 

in the second experiment to account for the larger group size utilized in the second 

session. In addition, any negative earnings that were achieved in the second session 

were subtracted from their first session earnings. The average subject payoff was 

35.92 U.S. dollars for the entire experiment. 

By structuring the experiments in this manner it is possible to compare agent be

havior within two different resource management schemes, three different underlying 

biological processes and for two different subject classifications. By comparing the 

experimental results with the two theoretical predictions it is possible to determine 

which regimes will lead to a stronger incentive to exploit the resource because these 

two models represent the upper and lower bounds of rational resource extraction 

behavior. 

the experiment. Both were discounted using the discount rate of 0,07 and subjects were given a 
table of the prices and costs that they would receive/incur for each of the 35 periods within the 
instruction packet. In addition, the prices and costs were displayed on the computer screen during 
the vessel allocation phase. 

'^^This is only true of those subjects who were paid to conduct the experiment. Subjects who were 
paid in extra-credit points did not receive any extra-credit points for showing up. 
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Within the closed system environment it is optimal to evenly distribute effort 

among all the locations. This is a trivial result because if effort is concentrated in 

any one location then that location's productive capacity and therefore the potential 

future harvest will be reduced. In the fully-integrated system it is optimal to focus 

effort in the areas that are benefiting from an increased biomass in an alternate 

location, represented by locations two and three in these experiments. This results 

because if the alternate location achieves a higher biomass the biofeedback loops imply 

that a large portion of that increased biomass will migrate to the other locations and 

increase their harvestable resource stock. The sink-source environment is the extreme 

form of the optimal solution determined in the fully-integrated system. Within this 

environment effort should be focused on the sink populations, with a significantly 

smaller portion of effort expended in the source. This is logical because more can 

be captured from the resource if the source is allowed to achieve a higher biomass 

and feed the sinks. Eliminating the source would be a case of "biting the hand that 

feeds you." Having described the experimental framework, the following section will 

describe the experimental results. 

2.5 Experimental Results 

The experimental results are analyzed to determine how the different underlying 

biological processes affect an agent's behavior, whether or not a subject realizes the 

importance of the different biological feedback loops, and the degree of over/under-

harvesting that exists. 

In order to see how the different underlying biological processes affect the agent's 

behavior, it is necessary to determine whether or not their behavior is significantly 

different among the three different environments. Tables 2.3 and 2.4 illustrate the 

descriptive statistics for the three resource environments, fully-integrated, sink-source 

and closed, two groups, A and B,under the sole-ownership and competitive extraction 
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regimes. 

Analyzing the descriptive statistics it is evident that there is a difference in the 

vessel allocations between the Groups A and In the sole-ownership regime Group 

B is much more aggressive than Group A and appear to be over-harvesting the re

source. On the other hand, Group A follows the theoretical predictions closer than 

Group B because they are conserving the resource. These stark differences between 

the two groups appear to dwindle when these same subjects are paired together in 

the competitive extraction regime. This most likely results from the fact that in the 

steady-state equilibrium the rents received from the resource are zero and both groups 

are pushing the resource toward what would be referred to as an "open access" equi

librium. In order to determine whether or not these groups are behaving according 

to the theoretical predictions in the resource environments parameterized within the 

experiment, a t-test was conducted against the steady-state vessel allocations for each 

of the trials within the experiment. Since the experimental results are being com

pared to the steady-state equilibrium predictions, only the last ten periods of each 

experiment will be used in the analysis to test for convergence to the steady-state 

equilibrium. The results from this test are indicated in Table 2.5. 

From these tests a number of observations can be made. A cross-group compar

ison indicates that in the sole-ownership regime Group A far outperforms Group B 

for all locations. For most environments Group B fails to follow the steady-state 

equilibrium predictions; in contrast Group A performs well when compared to the 

theoretical predictions under sole-ownership. Within this group, subjects are follow

ing the steady-state equilibrium for five of the nine locations. The four locations in 

which they are failing to follow the steady-state equilibrium vessel allocations are the 

two locations that possess the largest rate of emigration and the other two regions 

Komolgrov-Smirnov test was conducted to determine whether or not the vessel allocations 
were drawn from the same distributions for Groups A and B. This test indicated that for all locations 
and environments the null hypothesis that they possessed identical distributions was rejected at the 
95 percent confidence level. 
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within the sink-source environment. The two regions possessing the largest rate of 

emigration are feeding the surrounding locations and therefore the subjects appear to 

be "biting the hand that feeds them" in the sense that they are over-allocating ves

sels to these areas. This in turn will exacerbate the spatial externalities within these 

environments and should result in lower steady-state biomass levels. This activity 

only occurs in the environments which possess a non-zero net dispersal rate. When 

the net dispersal rate is zero the environment is identical to the traditional com

mon pool resource. When this is the case we observe no significant over-allocations 

by the individuals in Group A. This finding is consistent with the research of Hey, 

Neugebauer and Sadrieh [34], when they found little evidence of over-harvesting un

der sole-ownership in a system analogous to the closed system used within these 

experiments. 

Looking at the competitive extraction regime, both groups are converging toward 

the steady-state open access equilibrium vessel allocations. This reinforces the theo

retical predictions in that subjects are dissipating the rents within all three locations 

for each of the three patchy resource environments. Therefore, subjects are behaving 

similarly to those individuals who participate in harvesting an open access fishery. 

Analyzing the distribution of vessels within the locations and over the three re

source environments only generates half the picture. To get a better idea about 

the behavior of individuals it is necessary to analyze the biomass levels within the 

locations as well. This is one of the primary feedbacks that subjects receive in the 

experiment because when biomass levels begin to collapse so do their potential profits 

within a region. Figures 2.1 through 2.9 graphically illustrate the average biomass 

levels for each trial within the experiment. These figures illustrate the three loca

tions within each of the three environments for both groups under the sole-ownership 

regime. Figures 2.1 through 2.3 represent the fully-integrated system, 2.4 through 2.6 

represent the sink-source system and 2.7 through 2.9 represent the closed system. In 

addition to the average biomass within a location the biomass levels corresponding 
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FIGURE 2.1. Location One: Fully-Integrated, Sole-Ownership 

to half of a standard deviation above and below the average is graphed to obtain a 

graphical "tunnel of acceptance" for convergence to the steady-state equilibrium.^® 

Focusing on the last ten periods of the graphs, it becomes apparent that Group 

B always over-harvests the resource, where as Group A obtains results closer to the 

theoretical predictions. For the fully-integrated system. Group A performs well in 

locations two and three, but they fail to obtain the steady-state biomass levels for 

location one. In the sink-source system, the results are opaque as subjects in Group 

A are converging toward the steady-state equilibrium for locations one and three 

very late in the trials (close to trial thirty-three), and are not converging in location 

two. Finally, in the closed system subjects in Group A are performing very well and 

converging toward the steady-state equilibrium earlier for all three locations within 

this environment. Here again, a t-test was conducted for the biomass levels in the 

last ten periods under the null-hypothesis that the biomass levels possess the same 

^®Using a "tunnel of acceptance" at 0.5 standard deviations is an arbitrary measure for graphical 
convergence. One may argue that using a larger tunnel is more appropriate, yet the 0.5 can be 
viewed as a conservative test for graphical convergence. 
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mean as the theoretical predictions. These results are illustrated in Table 2.6. 

The i-tests reinforce the findings in the closed system because they support the 

assertion that subjects in Group A are not over-harvesting the resource in the sole-

ownership regime. For the other two systems, the fully-integrated and sink-source 

systems, the results support the assertion that subjects over-harvest in the locations 

that possess the largest emigration rates. However, they do not support the assertion 

that subjects are obtaining the steady-state biomass levels in the locations that are 

receiving the flow of biomass. In the fully-integrated system the subjects are using 

the steady-state vessel allocations within the locations that receive biomass from the 

feeder locations, but are not obtaining the steady-state vessel allocations in the feeder 

locations. This reduces the potential biomass in the alternate locations and they do 

not obtain the steady-state biomass levels under sole-ownership. This is a direct 

result of the spatial externalities that result from over-allocating vessels to the areas 

that possess the largest rates of emigration. They appear to converge to a biomass 

level that is slightly lower than the steady-state biomass levels. 

In the sink-source environment subjects do not converge toward the steady-state 

vessel allocations in any of the three locations and subsequently are not achieving 

the steady-state biomass levels. However, they are behaving closer to the theoretical 

predictions in the regions that possess a positive rate of immigration. These results 

can be explained by the fact that although the sink-source environment is biologically 

simpler, the steady-state equilibrium is more fragile. This fragility arises from the 

fact that once the feeder population is over-harvested it takes a longer time period 

for the population to recover because the feeder does not possess a positive rate 

of immigration. In the fully-integrated system the population can rebound quicker 

because it possesses a positive rate of immigration from the surrounding regions. 

Therefore, once the population dynamics are not properly accounted for it becomes 

much more difficult to achieve the steady-state equilibrium. 

To determine the rate of over/under-harvesting present within these environments 
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the difference between the theoretical predictions and the average biomass levels for 

the last ten periods is divided by the steady-state equilibrium biomass levels. Table 

2.7 illustrates the percentage of over/under-harvesting that is occurring in each of the 

locations under the sole-ownership and competitive extraction regimes. 

Focusing on Group A, under the sole-ownership regime, it becomes evident that 

over-harvesting is almost completely absent in the closed system,^® but is evident 

in the fully-integrated and sink-source systems. Noting that the subjects within 

Group A converge toward the steady-state equilibrium vessel allocations in the lo

cations receiving the biomass flow from the feeder population, one can confidently 

conjecture that the over-harvesting that occurs in these systems is stimulated by the 

over-allocation of vessels to the feeder locations. Comparing the two groups, Group 

B always over-harvests the resource. This could be a result of the subject's inability 

to understand the complexity of the experiment or it could be the result of aggressive 

harvesting behavior. Regardless, Group B in the sole-ownership regime always failed 

to achieve the steady-state equilibrium and the maximum net present value of the 

resource. It is only in the presence of the competitive extraction regime that Group 

B achieves the steady-state equilibrium. This is most likely caused by the zero profit 

equilibrium. When they observe negative profits within any period they begin to curb 

their aggressive harvesting behavior. 

Looking at the biomass levels in the competitive extraction regime. Table 2.6 il

lustrates that Group A appears to be under harvesting the resource and maintaining 

the biomass levels above the zero-profit equilibrium. On the other hand. Group B 

appears to rarely be under harvesting the resource, relative to the open access predic

tions. They are achieving the open access equilibrium in the locations that possess the 

largest rate of emigration and in all the locations of the closed system. Figures 2.10 

through 2.18 graphically illustrate the biomass levels for the three locations in each 

only way that no over-harvesting would be present in the closed system is if the subjects were 
capable of converging on and maintaining the biomass level directly on the steady-state predictions. 
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FIGURE 2.10. Location One: Fully-Integrated, Competitive Extraction 

of the three resource environments for both Groups A and B in the competitive ex

traction regime. Figures 2.10 through 2.12 represent the fully-integrated system, 2.13 

through 2.15 the sink-source environment and 2.16 through 2.18 the closed system. 

From the charts it becomes evident that the biomass levels under the competitive 

extraction model are significantly lower than those under sole-ownership. Conclu

sively, the competitive extraction regime leads to the rapid depletion of the resource. 

However, it is worth noting that those subjects who achieved the steady-state equi

librium under sole-ownership are much more reluctant to achieve the open access 

equilibrium. In fact in a handful of cases within Group A, subjects would choose a 

specified concentration of effort in each of the three locations and would not change 

their decisions for many periods. This provided a signal to the other subjects within 

the group that if they maintained their current effort concentrations they could con

tinue to earn positive profits for each period. However, in each of these cases, as the 

trials neared the end of the experiment, these subjects increased their vessel concen

trations significantly enough to reduce the biomass levels, as can be seen in the charts 
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FIGURE 2.11. Location Two: Fully-Integrated, Competitive Extraction 
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FIGURE 2.12. Location Three; Fully-Integrated, Competitive Extraction 
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FIGURE 2.13. Location One: Sink-Source, Competitive Extraction 
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FIGURE 2.14. Location Two: Sink-Source, Competitive Extraction 
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FIGURE 2.15. Location Three: Sink-Source, Competitive Extraction 
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FIGURE 2.16. Location One: Closed, Competitive Extraction 
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FIGURE 2.18. Location Three: Closed, Competitive Extraction 
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by a rapid decrease in the biomass in the last few periods, toward the open access 

equilibrium. As for Group B, they achieve the open access equilibrium very rapidly 

and whenever the biomass levels exceed the open access equilibrium the additional 

rents are immediately captured and the biomass is once again forced toward the open 

access equihbrium. The right three columns of Table 2.7 illustrate the percentage 

of over/under-harvesting that occurs in the competitive extraction regime relative to 

the open access equilibrium for each of the two groups. 

These percentages indicate that both groups are not only behaving differently 

under sole-ownership but they are also behaving differently under the competitive 

extraction regime. Group A is able to maintain the biomass levels above the open 

access equilibrium in all the locations of the closed environment and in those locations 

that receive the largest rate of immigration in the fully-integrated and sink-source 

systems. However, they are unable to maintain the biomass levels above the open 

access equilibrium in the locations that possess the strongest rates of emigration. In 

these locations the biomass is pushed toward the open access equihbrium. Group B, 

on the other hand, pushes each of the systems toward the open access equilibrium 

and in the locations that possess the strongest rates of emigration they harvest the 

resource beyond its open access equilibrium. This results in negative rents from these 

locations. 

Aside from testing the convergence property of subject behavior within these envi

ronments, it is also of interest to determine whether or not these subjects are behaving 

rationally within these environments. This is tested using a random-effects regression 

on the subject's vessel allocation decisions among the three locations throughout the 

entire thirty-five periods of the experiment. Within the sole-ownership regime sub

jects should reduce their effort in areas that possess a large rate of emigration, da. 

They should be attracted away from areas of lower to higher population and they 

should focus their effort on areas that have higher rates of immigration, 5ij. The 

random-effects regression equation is specified as follows: 
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Vijt — o; + P' Rijt + £ijt + Uij (2-21) 

where is subject z's vessel allocation for location j in time period t ,  Ri j t  is an 

observation matrix containing the biomass in each location, Xijt, the flow of biomass 

leaving a location, SuXu, and the rate of immigration from location i to location 

j, SjiXjt, €ijt is a normally distributed error term with mean 0 and Uij is a subject 

specific time invariant error term. Theory predicts that the coefficient on the biomass 

level in the location where vessels are being allocated should be positive and for the 

other locations it should be negative as higher biomass levels in these regions would 

attract harvesters to these region. The coefiScient on duXu should be negative as 

this illustrates that subjects should be allocating fewer vessels to those areas that 

possess a larger rate of emigration. Finally, the coefficients on SjiXjt should both be 

positive as effort should be concentrated in areas that subjects expect there to be 

additional biomass in the upcoming periods. Table 2.8 illustrates the results from the 

random-effects regressions in the sole-ownership regime for both subject groups. 

From the regression results it is evident that subjects in both groups are behaving 

in accordance with the theory. They are clearly reducing their vessel allocations in 

areas that possess a lower biomass, as indicated by the negative coefficient on alternate 

biomass in all locations, and the rate of emigration has a negative impact on their 

vessel allocations. In addition, if subjects expect a location to receive more additional 

biomass in a location in the upcoming period they will exert more effort in that 

location, as seen by the positive and significant sign for all but one of the coefficients 

on SjiXjit- Having illustrated that subjects are assigning significant weight to the 

decision factors that theory predicts under sole-ownership, another set of random 

^"The total number of observations for each random-effects regression under sole-ownership and 
competitive extraction regimes is 1575 observations for Group A and 1365 observations for Group 
B. This consists of the allocation decisions for all 35 periods for each of the 45 subjects in Group A 
and 39 subjects in Group B. A reduced subject pool exists for Group B as two of the environments 
did not contain a sufficiently sized subject pool to obtain a complete data set. 
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effects regressions were conducted to test this in the competitive extraction regime. 

Theory predicts that all of the same variables that affect decision making under 

sole-ownership should also have the same impact in the competitive extraction model. 

There is, however, one additional factor that would influence a subject's behavior 

under competitive extraction: the amount of vessels that were allocated to a location 

in the previous period. This should have a negative effect on one's vessel allocation 

decisions as it provides the best available signal on where an opponent's vessels will 

be located in the upcoming periods and also on the relative abundance of biomass 

in a location. This was incorporated in the analysis by expanding the observation 

matrix, to incorporate the lagged effort concentrations, lagEi. The results from 

this set of regressions are illustrated in Table 2.9.^^ 

With the inclusion of lagged total effort in the regression analysis, one obtains 

the correct sign on its coefficient for Group A, although only significant for one of 

the three locations, and only once for Group B. This provides weak support for the 

prediction that subjects will reduce their vessel allocations in areas that possessed a 

larger concentration of vessels in the previous period. A plausible explanation for this 

is that, under these conditions, subjects are more rigid with their vessel allocations 

and less likely to change their decisions unless the aggregate vessel allocations become 

exceedingly high, above a profitable level, and they decide to alter their decisions. 

This implies a relatively sluggish G{NR) function for these subjects. Looking at the 

other variables in the regression, for the most part the appropriate signs are obtained 

on the biomass levels in the alternate locations. This provides additional support 

for the predictions that subjects will decide to allocate more vessels to locations that 

possess higher biomass levels and, in the case that the surrounding areas possess 

higher biomass populations, the subjects will alter their vessel decisions in an effort 

to capture the rents in the surrounding areas. This supports Smith's [70, 71] model 

on effort migration in an open access fishery. Analyzing the signs on the rates of 

2iibid. 
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emigration and immigration within the system, the appropriate signs are obtained 

for six of the eighteen coefficients but they are only significant at any level above 

95 percent for one of the coefficients, SnXi for Group A. This implies that one can 

not conjecture that the rates of emigration and immigration within the competitive 

extraction regime was an overwhelming factor in the subjects decisions. 

Prom these experimental results, one may draw the conclusion that there exist 

two types of subjects within these experiments, those who conserve the resource and 

use it more sustainably and those who are aggressive harvesters. Those who conserve 

the resource are able to achieve the sole-ownership steady-state equilibrium vessel 

allocations in the closed system and in all the locations within the fully-integrated 

system except the location that possesses the largest rate of emigration. However, 

the fragile nature of the sink-source environment causes them to over-allocate vessels 

in all three locations. This over-allocation is nearly 15 percent above the steady-state 

equilibrium predictions in the sinks and over 100 percent greater in the source.^^ 

These subjects are also able to maintain the biomass levels above the open access 

equilibrium for much of the experiment yet they revert to the equilibrium toward 

the last periods of the experiment. Those subjects who are aggressive harvesters are 

unable to achieve the sole-ownership steady-state predictions but they do achieve the 

open access equilibrium in those locations that possess strong rates of immigration 

and significantly over-harvest the resource in those locations that possess a large rate 

of emigration in all cases. 

One obvious explanation for this behavior would be that subjects are unable to 

understand that they should be allocating a lower number of vessels to those locations 

that possess a large rate of emigration. They could be allocating the same number 

of vessels to each of the three locations, disregarding the migration of biomass within 

^^These percentages are determined by taking the difference between the average allocation in 
the last 10 periods and the steady-state predictions and dividing it by the steady-state equihbrium 
predictions. 
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the system. A Wilcoxian Sign test is used to test the hypothesis that subjects are 

allocating the same number of vessels to each of the locations. The results from this 

test are indicated in Table 2.10. 

Prom the Wilcoxian sign tests two facts can be derived. First, subjects in both 

groups are perceiving the locations with the largest rates of emigration differently than 

those locations that are receiving the biomass flows. In all cases, they are allocating 

a significantly smaller concentration of vessels to these locations.This is not only 

true in the sole-ownership regime, but it is also true in the competitive extraction 

regime. A Wilcoxian sign test was conducted in this regime which yielded similar 

results. Allocating a smaller concentration of vessels to those areas which possess 

the larger rates of emigration is in accordance with the theoretical predictions. 

This brings up the second observation that can be obtained from the Wilcoxian 

sign test. The theory predicts that subjects should allocate an identical concentration 

of vessels to all areas which possess identical net dispersal functions. In the case of 

the fully-integrated system these locations are locations two and three. In the sink-

source system these locations are locations one and three, and in the closed system 

it would be all three locations. The Wilcoxian sign test indicates that subjects are 

behaving according to the theoretical predictions in that they are allocating the same 

concentration of vessels to these locations. This observation comes from noting that 

one can not reject the null hypothesis that the vessel allocations came from the 

same distribution at the 95 percent confidence level in all the locations that possess 

identical net dispersal functions. These results invalidate the potential explanation 

that subjects are allocating vessels identically across all three locations.^® 

From the above parametric and non-parametric tests, the following results can 

^^One can reject the null hypothesis that the locations which possess the largest rates of emigration 
are being treated the same as those areas that receive the biomass flows at the 95 percent confidence 
level. 

^''Those interested in verifying this result can obtain these results from author. 
^®This result also holds true for the competitive extraction regime. As referred to earlier, these 

results can be obtained from the author upon request. 
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be obtained. Subject behavior is significantly different in a patchy resource environ

ment than in the conventional common-pool resource, the closed system. Subjects 

can be divided into separate classes, conservers and over-harvesters, based on their 

behavior in the sole-ownership regime. These respective groups will continue to be

have differently in the competitive extraction regime. Those subjects who conserve 

the resource are able to achieve the steady-state predictions of sole-ownership only 

in those areas which possess low levels of emigration. The failure to achieve the 

steady-state sole-ownership equilibrium does not result from the lack of locational 

differentiation, but is caused by an inability to determine that a low concentration 

of vessels in areas of large emigration can significantly increase the potential harvest 

in the surrounding locations. This introduces the spatial externality into the model. 

This supports Moxnes assertion that the over-harvesting of a natural resource results 

from the misperception of the resource (Moxnes, [50, 51]). This same group, group 

A, is also able to conserve the resource and keep the biomass above the open access 

equilibrium of zero profits. This occurs only in those areas that are feed by the area 

of largest emigration, and this reinforces the finding that these individuals do not 

completely understand the spatial externalities incorporated within the model. 

Group B, on the other hand, consistently over-harvests the resource. There ex

ist two potential explanations for this result. One, these subjects are aggressive 

harvesters and want an immediate reward from the resource. The second potential 

explanation is that these subjects are unable to understand the decision environment 

framed in the experiment. In either case, over-harvesting always occurs in those 

locations that possesses the largest rate of emigration. 

2.6 Conclusion 

From the set of experiments conducted it is evident that in the sole-ownership 

regime the subjects are "biting the hand that feeds them" in that they are over-
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harvesting the locations that should be used as feeder populations for the surround

ing areas. This is evident in the fact that their distribution of vessels within the 

three environments, although statistically different, yields a higher concentration of 

effort in those areas that possess the largest rate of emigration. This in turn has 

a direct impact on the potential for increased harvest in the surrounding areas and 

subsequently reduces the biomass in not only the feeder locations but in the areas 

that they feed, thereby introducing the spatial externality. This complexity rein

forces Moxnes's findings that the over-harvesting of a natural resource occurs due 

to the subject's misperception of the resource (Moxnes, [50, 51]). Despite this phe

nomenon, the theoretical predictions of Seabright [67] are reinforced. In all cases the 

sole-ownership regimes performed better than the competitive extraction regimes as 

the vessel allocations and biomass levels are closer to the social planner's solution, 

and the resource is maintained at higher levels. 

Converging toward the open access equilibrium occurred early in the competitive 

extraction regimes with Group B, but was very delayed with Group A. This delay 

may be due either to the ability of Group A to maintain viable populations through 

conservation of the resource or due to a lack of sufficient competition. To answer this 

question, experiments need to be conducted that increase the number of competitors 

to determine whether or not this will impact the rate of convergence toward the open 

access equihbrium. One may argue that the competitive extraction regime converges 

toward the open access equilibrium because the subjects are unable to communicate 

and coordinate their actions with each other. This would lead to an obvious extension 

of these experiments by allowing for communication in this environment as has been 

conducted in other common-pool resource experiments (Gardner, Walker and Ostrom, 

[53]). 

The results from these experiments illustrate the need for research in two very 

important areas. One, it is imperative that we get a more accurate picture of the 

biological dynamics that characterize a "patchy" resource. Currently, most biomass 
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estimates are the result of harvest data and very little independent sampling of the 

resource's respective stocks have been conducted. These experiments suggest that 

in the presence of heterogeneity in the resource stocks, harvesters lack the ability to 

differentiate the subtle differences within the resource base. They over-harvest areas 

that should be less exploited and become susceptible to the spatial externalities that 

arise in these environments. 

Secondly, should agents not fully understand the complexity of these environ

ments, it may become necessary to develop new resource management methods to 

address this problem. Currently, biologists and policy makers are exploring the op

tions of marine reserves to address this problem. However, this new form of resource 

management is only one of the many management schemes that could be implemented 

to address this problem. 

Most importantly, one should take away from these experiments the need to start 

evaluating the potential micro-management of our resources. This micro-management 

would be done by incorporating the biological heterogeneity that exists within these 

complex systems into current models and by developing management tools that will 

incorporate the spatial differences within the resource. This will not only achieve the 

sustainable use of the resource, but it will improve the welfare of those individuals 

who depend on these resources as well. 



Fully-Integrated System 
(p = 20; c = 9.5 = 0.2; r = 0.8; K= 10) 

(8ii = -0.6; 822 = -0.3; 633 = -0.3; S12 = 0.3; 813 = 0.3; 821 = 0.15; 823 = 0.15; 83, = 0.15; 832 = 0.15") 
E*i = 0.50 X*i = 5.56 
E*2 = 2.00 X'2 = 6.39 
E'3 = 2.00 X'3 == 6.39 

Sink-Source System 
(p = 20;c = llq = 0.2;r = 0.8;K=10) 

(822 = -0.3; 8n = 833 — 0; 821 = 823 = 0.15; 812 = 813 = 831 = 632 — 0) 
E*, = 2.00 X*i = 6.54 
E*2 = 0.35 X*2 = 5.37 
E'3 = 2.00 X'3 = 6.54 

Closed System 
( p = 20; c = 1 Iq = 0.2; r = 0.8; K= 10) 

(811 = 822 - 833 - S12 = 8N = 821 = 823 = S31 ^ 832 = 0) 
E*i = 1.55 x'i=6.13 
E*2 = 1.55 x'2 = 6.13 
E*3 = 1.55 x'3 = 6.13 

TABLE 2.1. Steady-State Equilibrium: Sole-Ownership 

Fully-Integrated System 
(p=20, c= 9.5, q=0.2, r =0.8, K =10) 

(811 - -0.6; 822 - -0.3; 833 — -0.3; 812 = 0.3; 8,3 = 0.3; 821 = 0.15; 823 = 0.15; 831 = 0.15; 832 = 0.15) 
E', = 1.55 X*i = 2.375 
E'2 = 3.80 X*2 = 2.375 
E'3 = 3.80 x'3 = 2.375 

Sink-Source System 
(p=20, c= ll,q=0.2,r=0.8, K=10) 

(822 = -0.3; Sii = 833 = 0; S21 = 823 = 0.15; 812 = 813 = S31 = 832 = 0) 
E*i = 3.65 X*i = 2.75 
E*2 = 1.40 X'2 = 2.75 
E'3 = 3.65 X'3 = 2.75 

Closed System 
(p=20, c= 11, q=0.2, r =0.8, K =10) 

(8„ = 822 = S33 = 812 = 813 = 821 = 823 = 831 = 832 = 0) 
E'l = 2.90 X'l = 2.75 
E*2 = 2.90 X*2 = 2.75 
E*3 = 2.90 X*3 = 2.75 

TABLE 2.2. Steady-State Equilibrium: Competitive Extraction 
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Group A 
Environment Loc. One Loc. Two Loc. Three 
Fully-Integrated 1.105 2.066 1.983 

(0.77) (1.05) (0.94) 
Sink-Source 2.369 0.768 2.399 

(0.77) (0.71) (0.79) 
Closed 1.711 1.646 1.640 

(1.11) (0.95) (1.02) 

Group B 
Environment Loc. One Loc. Two Loc. Three 
Fully-Integrated 1.641 2.648 2.634 

(1.25) (1.38) (1.57) 
Sink-Source 2.905 1.213 2.896 

(1.57) (1.21) (1.58) 
Closed 2.493 2.437 2.461 

(1.49) (1.29) (1.39) 

TABLE 2.3. Vessel Allocation Descriptive Statistics; Sole-Ownership 

Environment Loc. One 
Group A 

Loc. Two Loc. Three 
F ully-Integrated 1.673 3.310 3.341 

(1.09) (0.97) (1.10) 
Sink-Source 3.160 1.244 3.176 

(1.52) (1.15) (1.51) 
Closed 2.745 2.725 2.712 

(1.49) (1.50) (1.43) 

Group B 
Environment Loc. One Loc. Two Loc. Three 
Fully-Integrated 1.986 3.409 3.419 

(1.69) (2.16) (2.06) 
Sink-Source 3.507 1.575 3.623 

(2.05) (1.92) (2.10) 
Closed 3.106 3.091 3.021 

(2.08) (1.90) (1.84) 

TABLE 2.4. Vessel Allocation Descriptive Statistics; Competitive Extraction 



Sole-Ownership Competitive Extraction 
Group A Group B Group A Group B 

Environment/Location t-value t-value t-value t-value 
Fully-Integrated 
Location One 10.66* 11.60* 0.573 1.565 
Location Two 0.668 5.070* -2.85* -2.27* 
Location Three -0.573 3.811* -2.05* -2.15* 
Sink'Source 
Location One 3.889* 7.860* -1.264 -0.467 
Location Two 6.942* 10.45* 0.366 0.168 
Location Three 3.863* 7.500* -1.223 -0.220 
Closed 
Location One -0.096 7.510* -0.932 0.462 
Location Two -0.525 8.770* -1.504 -0.009 
Location Three -0.560 7.900* -1.040 0.323 
•indicates that you can reject the hypothesis that the observations possesses the same mean at the 95% confidence level, 

TABLE 2.5. T-test: Vessel Allocations 

Sole-Ownership Competitive Extraction 
Group A Group B Group A Group B 

Environment/Location t-value t-value t-value t-value 
Fully-Integrated 
Location One -9.502* -24.21* 0.456 -4.848* 
Location Two -3.501* -18.32* 3.759* 0.829 
Location Three -3.200* -12.70* 3.657* 0.377 
Sink-Source 
Location One -7.814* -23.97* 3.798* -0.251 
Location Two -10.15* -42.02* -0.832 -6.684* 
Location Three -7.758* -24.29* 3.685* -0.772 
Closed 
Location One -1.701 -19.88* 3.139* -3.764* 
Location Two -1.301 -24.17* 2.211* -3.907* 
Location Three -1.570 -22.97* 1.904* -3.968* 
•indicates that you can reject the null hypothesis that the observations are from the same distribution at the 95% confidence level. 

TABLE 2.6. t-test: Biomass Levels 



Sole- Ownership Competitive Extraction 
Environment/Location Group A Group B Group A Group B 
Fully-Integrated 
Location One 15.89% 45.29% -3.82% 16.03% 
Location Two 7.01% 49.25% -17.50% -5.94% 
Location Three 6.23% 36.87% -18.02% -3.73% 
Sink-Source 
Location One 15.41% 40.39% -21.75% -1.44% 
Location Two 18.39% 45.08% 1.57% 19.01% 
Location Three 15.30% 39.97% -21.21% 0.510% 
Closed 
Location One 7.60% 33.92% -12.98% 11.88% 
Location Two 5.26% 34.97% -10.37% 11.32% 
Location Three 5.17% 34.65% -9.23% 12.25% 
Negative percentages indicate the degree of \mder harvesting that occairs in the location, relative to the open-access 
steady-state equilibrium 

TABLE 2.7. Percentage of Over-Harvesting 
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Group A Group B 
Variable/Location Loc. 1 Loc. 2 Loc. 3 Loc. 1 Loc. 2 Loc. 3 

Constant 2.781 2.484 2.956 2.296 1.850 3.056 
(0.10)* (0.11)* (0.10)* (0.13)* (0.13)* (0.16)* 

Xi 0.321 -0.191 -0.158 0.607 -0.268 -0.493 
(0.03)» (0.03)* (0.03)* (0.08)* (0.07)* (0.10)* 

X2 -0.123 0.231 -0.267 -0.133 0.494 -0.118 
(0.02)* (0.02)* (0.02)* (0.04)* (0.04)* (0.05)* 

X3 -0.389 -0.187 0.190 -0.439 -0.122 0.461 
(0.03)* (0.02)* (0.03)* (0.08)* (0.07)** (0.10)* 

8„X, -0.952 — -0.861 
(0.09)* (0.17)* 

S22X2 0.433 0.206 
(0.05)* (0.11)** 

S33X3 0.755 1.435 
(0.17)* (0.38)* 

821X2 0.691 0.787 
(0.08)* (0.19)* 

831X3 2.128 1.633 
(0.32)* (0.62)* 

812X1 1.154 0.781 
(0.09)* (0.32)* 

832X3 0.757 -0,696 
(0.16)* (0.57) 

S13X, 0.699 1.085 
(0.20)* (0.42)* 

823X2 0.614 0.819 
(0.08)* (0.24)* 

^ 0.363 0.353 0.179 0.144 0.190 0.038 
*indicates significant at the 95% level; ** indicates significant at the 90% level 

Table 2.8. Random-Effects Regression: Sole-Ownership 
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Group A Group B 
Variable/Location Loc. 1 Loc. 2 Loc. 3 Loc. 1 Loc. 2 Loc. 3 

Constant 0.503 0.877 0.594 -0.604 2.820 -0.417 
(0.31) (0.21)* (0.27)* (0.16)* (4.32) (0.18)* 

xi 0.408 0.030 0.066 0.470 0.068 0.053 
(0.10)* (0.05) (0.09) (0.06)* (1.12) (0.06) 

X2 0.079 0.334 -0.140 0.012 0.773 -0.121 
(0.13) (0.07)* (0.11) (0.07) (1.87) (0.63)*' 

X3 -0.291 -0.266 0.257 0.104 -1.119 0.675 
(0.13)* (0.06)* (0.12)* (0.07) (1.70) (0.07)* 

5„xi -0.431 0.181 
(0.26)* (0.14) 

822X2 0.071 1.281 
(0.24) (3.37) 

833X3 0.362 — 0.340 
(0.46) (0.28) 

S21X2 -0.466 -0.033 
(0.72) (0.49) 

831X3 1.658 -0.952 
(1.01) (0.59) 

S12X1 0.048 1.797 
(0.25) (4.51) 

832X3 0.013 0.263 
(0.61) (9.13) 

8,3X1 -0.329 -0.506 
(0.40) (0.26) 

S23X2 -0.001 0.809 
(0.67) (0.47) 

lagged total Effort -0.029 -0.046 -0.017 0.046 -0.390 0.011 
locations=l,2,3 (0.03) (0.02)** (0.02) (0.02)* (0.45) (0.16) 

0.018 0.025 0.006 O.IOS 0.003 0.144 
*indicates significant at the 95% level; ** indicates significant at the 90% level 

Table 2.9. Random-Effects Regression: Competitive Extraction 
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Group A Group B 

Environment/Loc . Loc. One Loc. Two Loc. Three Loc. One Loc. Two Loc. Three 

Fully-Integrated 
Location One 9.061* 8.935* 6.636* 5.049* 
Location Two 9.061* 1.021 6.636* 0.142 
Location Three 8.935* 1.021 5.049* 0.142 
Sink-Source 
Location One 10.498* 0.141 9.371* 0.071 
Location Two 10.498* 10.561* 9.371* 9.080* 
Location Three 0.141 10.561* 0.071 9.080* 
Closed 
Location One 0.498 0.587 0.279 0.594 
Location Two 0.498 0.149 0.279 0.179 
Location Three 0.587 0.149 0.594 0.179 

•indicates that you can reject the null hypothesis that the observations are from the same distribution at the 95% confidence level. 

Table 2.10. Wilcoxian Sign Test: Vessel Allocations 
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Chapter 3 

BIOLOGICAL "HOT SPOTS" AND THEIR EFFECT ON 
OPTIMAL BIOECONOMIC MARINE RESERVE FORMATION 

3.1 Introduction 

Creating a marine reserve within a fishery involves the exclusion of fishing effort 

from areas once harvested in order to rebuild populations, preserve the ecological bal

ance and synthesize the goals of resource conservation with economically motivated 

human actions (Allison et. al., [2]). This divides a fishery into two distinct regions, 

the fishing grounds and the marine reserve. Current economic models generated to 

evaluate the use and success of marine reserves have not focused on the potential for 

spatial heterogeneity in the resource production while evaluating their models and de

termining steady-state equilibriums.^ The model proposed in this chapter allows for 

spatial heterogeneity in the productive capacity of the underlying resource by incor

porating biological "hot spots" into the current bioeconomic models used to analyze 

the creation of marine reserves. Incorporating this dynamic into the model illustrates 

that, in the presence of spatial heterogeneity, there exists a non-zero optimal marine 

reserve size that maximizes the value of the fishery. This directly implies that the 

optimal size of the marine reserve is a function of both the biological growth rates 

and the degree of heterogeneity between the populations lying within and outside of 

the marine reserve. 

^There are two papers written by Sanchirico and Wilen [62, 63] that allow for heterogeneity in 
the growth functions in their open access and limited entry models used to evaluate what they call a 
double payoff benefit, or win-win situation in the presence of a marine reserve. This will occur when 
aggregate harvest and biomass increase following the creation of a marine reserve. However the main 
conclusions derived from their work are based on expanding our economic models to incorporate the 
spatial migration of the underlying resource. This chapter assumes that migration is present and 
instead focuses on the effects that spatially heterogeneous growth functions have on the steady-state 
equilibrium and the optimal size of a marine reserve within a fishery. 
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A fishery can encompass large areas of the marine realm, with varying degrees of 

heterogeneity in the benthic structure, temperature, current, and depth. Accepting 

that a fishery is a complex unit, it is plausible to believe that within any given 

fishery there exist areas that possess a comparative productive advantage over other 

locations within the fishery. These areas of comparative productive advantage can 

be referred to as biological "hot spots" in the sense that populations that reside in 

these locations produce more offspring and may potentially be able to live in greater 

densities than in the surrounding areas due to the ecological advantages possessed 

within the ecoregion. 

This investigation will incorporate two forms of biological hot spots into the cur

rent bioeconomic model: heterogeneity in the intrinsic growth rates and heterogene

ity in the carrying capacities. These two factors can be natural or induced. Natural 

heterogeneity in the intrinsic growth rate and/or carrying capacity will result from 

marine areas that are advantageous to a fishery's natural production. For instance, 

many populations congregate in specific locations for spawning or in areas where the 

benthic structure, protection from predators, depth or abundance of prey is advan

tageous for growth and reproduction. These locations may be chosen for a multitude 

of reasons, but regardless of the reason these selected areas will represent locations 

of increased production. Inducing a biological hot spot may result from the creation 

of a marine reserve. Current literature supports the finding that a marine reserve 

will increase species abundance, the mean individual size and age of the species, the 

reproductive output, recruitment inside and outside the reserve, genetic diversity and 

fishery yields (Dugan and Davis, [18]). In fact, among some populations, the increase 

in reproductive output and number of individuals in the reserve can result in an 80-

600 percent higher egg production in marine reserves compared to the surrounding, 

unprotected areas (Roberts and Polunin, [60]; Roberts, [58]). 

The stimulus for the increase in growth rates is inconsequential in this chapter and 

will therefore be ignored, although it could be attributed to any of the aforementioned 
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factors. What will be investigated, is given that biological hot spots can occur either 

naturally or artificially, how does a benevolent social planner construct a marine 

reserve such that the value of the fishery is maximized? 

The theoretical model used in this chapter is similar to that used by Conrad 

when he illustrated that a marine reserve was effective at reducing the variation 

in biomass within the fishing grounds in the presence of stochastic shocks, thereby 

stabilizing the value of the fishery (Conrad, [17]). The primary difference is that in 

this chapter the biological growth component has been expanded to incorporate the 

presence of heterogeneity in the resource production. Other studies have illustrated 

the beneficial use of marine reserves when the resource stock is in exploited state 

(Polacheck, [56]; Holland and Brazee, [36]), and as a precautionary measure when 

there exists uncertainty regarding the resource (Clark, [16]; Lauck et. al., [43]). 

The results from this chapter indicate that the bioeconomically optimal reserve 

size in the presence of spatially heterogeneous production is less than 17.52 percent of 

the total fishery, given the parameters utilized in this research effort.^ Current ecology 

and conservation biology literature indicate that the required minimum reserve size 

is 10 — 30 percent. Although this chapter's findings are based on the bioeconomic 

optimization of the fishery, these results are consistent with the lower bound of the 

findings in the ecology and conservation biology literature that have used alterna

tive optimization criterion (Ballantine, [5[; Schmitt and Osenberg, [65]; Roberts and 

Hawkins, [59]). 

Section 3.2 of this chapter describes the methodology used to implement the het

erogeneity in the growth functions. In Section 3.3 of this chapter, a bioeconomic 

^The optimal marine reserve size depends on the degree of heterogeneity in the resource and 
the density dependent migration rate. Therefore, the results in this chapter are not intended to be 
used to establish policy but to illustrate that a positively sized optimal marine reserve does exist 
in the presence of heterogeneous growth. The results are compatible with those of Holland and 
Brazee when they assumed a high level of fishing effort. However, this chapter treats effort as an 
endogenous decision variable whereas Holland and Brazee assumed a fixed effort level within their 
model (HoUand and Brazee, [36]). 
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model is developed that incorporates the presence of biological hot spots and the de

cision on the size of the marine reserve. Using this model a current-value Hamiltonian 

is solved to determine the theoretical solutions within this environment. In Section 

3.4, simulations are conducted that incorporate varying degrees of heterogeneity in 

the growth functions. These serve to illustrate the effect that the creation of a marine 

reserve has on the current-value of the fishery. In Section 3.5, the chapter's findings 

are concluded and summarized. 

3.2 Incorporating Biological Hot Spots 

The presence of biological hot spots will yield a higher rate of recruitment within 

these locations than in the surrounding locations within the fishery. Incorporating 

these biological hot spots into the conventional bioeconomic models can be achieved 

by expanding the logistical growth function. The logistical growth function for a 

fishery is as follows, 

where, X, is the biomass located within the fishery, r, is the intrinsic growth rate 

for the fishery and K is the carrying capacity. In general the intrinsic growth rate and 

carrying capacity of a fishery are thought to be homogeneous over the entire fishery. 

The presence of biological hot spots challenges the assumption that the intrinsic 

growth rate, r, and/or carrying capacity, K, are constant over the entire fishery. 

Therefore, in order to incorporate biological hot spots into the growth functions the 

standard logistical growth function must be altered. 

To expand the logistical growth function it will be assumed that the overall fishery 

will contain two separate growth functions. There will be a growth function for 

the biomass located within the fishing grounds, FF{XF), and a growth function for 

biomass located within the reserve, FR{XR). Therefore in the presence of biological 

(3.1) 
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hot spots there will exist two separate intrinsic growth rate parameters, Tf and 

and/or carrying capacities, KF and KR, for the fishing grounds and the reserve. The 

following two subsections will outline how either of these heterogeneous parameters 

can be included to expand the logistical growth function. The first subsection will 

outline how to incorporate heterogeneous intrinsic growth rate parameters under the 

assumption that the carrying capacity is homogeneous. The second subsection will 

outline how to incorporate heterogeneous carrying capacities under the assumption 

that their exists a homogeneous intrinsic growth rate parameter. Although it is 

plausible for there to exist heterogeneity in both parameters simultaneously this will 

not be illustrated in order to simplify the analysis. 

3.2.1 Heterogeneous Intrinsic Growth Rates 

To determine the intrinsic growth rate parameters for the fishing grounds and 

the reserve a number of factors must be determined. The maximum and minimum 

intrinsic growth rates possessed by a fishery, the degree of heterogeneity within the 

fishery and the size of the reserve must be determined to find the intrinsic growth 

rates within the fishing grounds and the reserve, r/ and rR. 

To determine the maximum and minimum intrinsic growth rates within a fishery, 

it is assumed that a fishery generally possesses a homogeneous intrinsic growth rate, 

but for a given percentage of the fishery the intrinsic growth rate is higher than that 

of the surrounding areas. The lower bound on the distribution of intrinsic growth 

rates is the growth rate possessed by the majority of the fishery and is denoted by 

TBASE to represent the base intrinsic growth rate within the fishery. Those areas 

that possess a higher intrinsic growth rate than the base intrinsic growth rate, TBASE, 

represent the biological hot spots within the fishery. Among the biological hot spots 

it is further assumed that their intrinsic growth rates can be ordered from highest 

to lowest with the lowest value being the point at which the intrinsic growth rate 
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is equal to the base intrinsic growth rate, rsASE, with the highest intrinsic growth 

rate being expressed as TMAX- Using this methodology, it is possible to rank all the 

locations within a fishery according to their intrinsic growth rates. 

The degree of heterogeneity in the fishery is a proxy for the number of biological 

hot spots present within the fishery. For instance, if there are N distinct locations 

within a fishery, and there are j locations that possess a higher intrinsic growth rate 

than the base intrinsic growth rate, TBASE, then the degree of heterogeneity in the 

fishery, denoted a^, can be represented as This degree of heterogeneity could 

vary substantially among different fisheries, however it will generally be assumed to 

be greater than zero.^ 

The final component needed to determine the intrinsic growth rates within the 

fishing grounds and the reserve is the size of the reserve, denoted by a which repre

sents the percentage of the overall fishery that is contained in the reserve. Within 

the context of this chapter, a, represents a policy variable which is exogenously de

termined by the managing body of the fishery, with the support for a lying between 

0 and 1. This variable indicates the percentage of the fishery that the fishery man

agers wish to exclude from fishing effort and it can be influenced by a multitude of 

social, political, biological and economic interests. Regardless of the factors that in

fluence a, it is assumed that the fishery managers will focus on reserving the most 

biologically advantageous areas first in an effort to take advantage of the comparative 

reproductive advantage these ecoregions possess. 

To summarize, the intrinsic growth rates within the fishing grounds and the re

serve is a function of the base intrinsic growth rate, rsAss, the maximum intrinsic 

growth rate, TMAX, the percentage of the fishery that possess biological hot spots, 

and the size of the reserve, a. These variables are represented by the vector 

^ = { ' r B A S E , T M A X - i O C q i , a ) .  

®This assumption is relaxed only when evaluating how the creation of a marine reserve effects 
the value of fishery that possesses a homogeneous growth function. 
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Denoting the intrinsic growth rates within the fishing grounds and the reserve by 

the average of all the intrinsic growth rates lying within these two juxtaposed regions, 

the intrinsic growth rates within the fishing grounds, r/, and the reserve, rn, can be 

represented as follows, 

where G { r )  represents the distribution of the intrinsic growth rates bounded by 

fMAx and rsASE-^ This distribution of intrinsic growth rates, G{r), can be either con

tinuous or discontinuous and is defined by the physical and biogeographical character

istics of the fishery.® The resulting intrinsic growth rates within the fishing grounds, 

rf{^), and the reserve, are the average of all the intrinsic growth rates ly

ing within these two respective regions. Incorporating these intrinsic growth rates 

into the logistical growth functions for the fishing grounds and the reserve requires 

an additional change to the traditional logistical growth function before theoretical 

implementation. Since the overall fishing grounds have been normalized so that a 

can be used to represent the percentage of the fishery lying within the reserve, the 

c a r r y i n g  c a p a c i t i e s  f o r  t h e  t w o  l o c a t i o n s  m u s t  a l s o  b e  n o r m a l i z e d .  D e n o t i n g  Kf  as  

the carrying capacity within the fishing grounds, KR as the carrying capacity within 

the reserve, and K as the overall carrying capacity, we require that K = KF + KR. 

Expressing the overall carrying capacity K as K = {1 —a)K + AK and assuming that 

"^For the purposes of the simulations a simplified distribution is used for illustrative purposes. 
However, there are multitude of potential distributions for the intrinsic growth rates. 

®This section develops a general methodology that can be implemented to incorporate heteroge
neous intrinsic growth rates into the logistical growth function in the presence of either continuous or 
discontinuous distributions. In the following section, when simulations are conducted, a continuous 
distribution of intrinsic growth rates is assumed. 

G { r { a ) )  
(3.2) 

and 

•'̂ MAX 

(1 - G { r { a ) ) )  
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KF = KR = K, then the carrying capacities of the fishing grounds and the reserve 

can be expressed as follows,® 

KF =  { l -  a )K and Kr  = AK (3.4) 

Combining the normalized carrying capacities and the intrinsic growth rates for 

the fishing grounds and the reserve yields the following growth functions for the fishing 

grounds and the reserve that incorporate the presence of biological hot spots, 

i'/(-Y/.0 = r,(f)X,(l--p-^^) (3.5) 

and 

= (3.6) 

In the case that there does not exist any heterogeneity in the intrinsic growth rates 

within a fishery it is assumed that r-/(^) = r'R(^) = r, where r is the homogeneous in

trinsic growth rate possessed by the fishery. These revised logistical growth functions 

are used in Section 3.3 when the theoretical solutions for the optimal steady-state 

biomass levels are solved for in the steady-state equilibrium model. The next subsec

tion will illustrate how heterogenous carrying capacities can be incorporated into the 

model. 

3.2.2 Heterogeneous Carrying Capacities 

As was the case in the presence of heterogeneous intrinsic growth rates, there are a 

number of factors that need to be determined in order to incorporate heterogeneous 

carrying capacities into the model. These factors are the degree of heterogeneity 

within the fishery, A^, the maximum carrying capacity within the fishery. KM AX, 

®This assumption of homogeneous carrying capacities will be relaxed in the following section. 
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the base carrying capacity within a fishery, KBASE, and the size of the reserve, a.'' 

Using these factors it is possible to establish the carrying capacities within the fishing 

grounds, Kf, and the reserve, KR. These parameters can be represented by the vector 

= {KBASE, KM AX, (XQ, A). 

It will be assumed that the location specific carrying capacities within a fishery 

can be ranked and ordered in descending order. Therefore, the following can be used 

to represent the carrying capacities within the fishing grounds, Kf, and the reserve, 

where H { k )  is the distribution of the carrying capacity bounded by KBASE and 

KM AX- As was the case in the presence of heterogeneous intrinsic growth rates, the 

distribution of carrying capacities, H{k), can be either continuous or discontinuous 

and it is defined by the physical and biogeographical characteristics of the fishery. In

corporating these revised heterogeneous carrying capacities within the model requires 

that they be normahzed so that K — {1 — a)Kf{ij}) + aKR{ip), where K is equal to 

the average carrying capacity for the entire fishery. This parameter K is analogous 

to the carrying capacity under the homogeneity assumption, but when the regions 

are divided into the fishing grounds and the reserve their respective averages reflect 

the heterogeneity in the fishery. Augmenting the logistical growth function by incor

porating this form of heterogeneity in the fishery results in the following logistical 

is similar to in that both are a proxy for the abundance of biological hot spots within 
the fishery. As was the case in the presence of heterogeneous intrinsic growth rates, it is assumed 
that the fishery managers will select a to contain those areas with the higher carrying capacity first. 
This will be done to take advantage of the comparative reproductive advantages possessed by these 
ecoregions. 

KR. 

(3.7) 

and 

1 fKMAX 
(3.8) 
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growth functions, 

(3,9) 

and 

F.(X„.i,) = rX,[l-J^) (3^10) 

Within this parameterization the intrinsic growth rate parameters, rf and vr, 

are assumed to be homogeneous, r/(^) = rR{^) = r. In the case that there does 

not exist any heterogeneity in the carrying capacities within a region we can assume 

that Kf{iJj) = Kr{iP) = K, where K is the homogeneous carrying capacity within 

the region. Having constructed these revised logistical growth functions they may 

be implemented in the bioeconomic optimization when one assumes that there exists 

heterogeneity in the carrying capacities. 

3.3 Bioeconomic Optimization 

The premise that a marine reserve will benefit a fishery is dependent on having 

the reserve population augment the harvestable population through the reproduc

tion and migration of fish from the reserve to the fishing grounds. Alternatively, one 

could model the adult population as sedentary and the dispersal of eggs and larvae 

throughout the fishery, as would exist in many coral reef settings (Pezzey et. al., 

[55]) or shellfish fisheries (Brown and Houghgarden, [10]). In the absence of migra

tion/dispersal, the fishery will not benefit from the creation of a reserve because the 

fishing grounds will be truncated. Assuming that immigration to and emigration 

from the reserve occurs, a stock dependent flow is used within the temporal growth 

functions of the fishery and reserve. This generates the following temporal growth 

equations for the fishing grounds and the reserve. 
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i:, = F,ix„ 

I:» = F«(X„.«,«)-,(^-I^-^) (3.2) 

Where Xf and XR are the biomass populations for the fishing grounds and the 

reserve, X/ and XR are the time-derivatives for the biomass located within the fishing 

grounds and the reserve, XF = ^ and XR = FF{XF, xp) and FR{XR, ip) are 

the respective growth functions for the fishing grounds and the reserve described in 

Section 3.2, and s ̂ (v-) ̂ density dependent net rate of migration 

from the reserve to the fishing grounds with s > 0 being the migration coefficient 

for the fishery. The density dependent net rate of migration is commonly used in 

bioeconomic modelling because it illustrates that as the population lying either within 

the reserve or the fishing ground approaches its carrying capacity it will migrate out 

of its location to the alternate location where densities are lower and food and shelter 

are more abundant (Conrad, [17]; Harford, [30]; Sanchirico and Wilen, [61, 62]). 

H{EF,q,XF) is the harvest function for the fishing grounds, which is a function of 

the effort exerted in the fishery, Ef, the catchability coefficient for the fishery, q, and 

the available biomass in the fishing grounds, Xf.^ Making the harvest function linear 

in both fishery biomass and effort results in the following harvest function. 

H{Ef,q,Xf) = ^^^ (3.13) 

The harvest function is divided by (1 — a) to account for the fact that the reserve 

truncates the fishing grounds. This preserves the assumption implied in the Schaefer 

®Within the harvest function used in this model the catchability coefficient, q, is assumed to 
remain constant, Ecological studies on marine reserves have indicated that the catchability coeffi
cient is a decreasing function of a fishing locations distance from the marine reserve (Rakitin and 
Kramer, [57]). However, since this theoretical model is not looking at locahzed harvest functions 
the catchability coefficient, q, can be viewed as the average catchability coefficient for the fishing 
grounds. 
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harvest function of a constant catch per unit of effort (Schaefer, [64]). Therefore, 

there are two ways in which the harvest can be increased: through increasing the 

catchable biomass in the fishery or through increasing the effort exerted within the 

fishery. Given the price of fish to be p and the cost per unit of fishing efi'ort to be c, 

the following period profit function can be constructed. 

(3.14) 

A benevolent social planner's objective would be to maximize the discounted 

stream of profits realized within the fishery, subject to the growth equations for the 

biomass located within the fishing grounds and the reserve. This can be illustrated 

as follows, 

roo 

Maximize / iT{Ef,Xf)e'^*dt (3.15) 
Jo 

subject to = P 

and . Fn{XnA,<P) - - (1 _ P "' 

with X/(0) and XR(0) given and E f ( ^ M A x )  >  E f  >  0  where E f  is the effort used 

to harvest within the fishery in time period t and is subject to an upper bound 

of Ef(^MAx) and lower bound of 0, and 5 is the discount rate for the fishery. The 

current-value Hamiltonian resulting from this optimization problem can be expressed 

as follows, 
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H  =  ' P Q E f X f  

_ ( l - a )  
- c E f  

+ yUi 

+ IJ'2 

F f { X f , t i ^ )  +  s  
Xr 

aKRitP) (1 -- a ) K f { ^ )  

Xf 

(3.18) 

, a K R { i p )  { 1  - a ) K f { i p ) J  

where fj,i is the current-value shadow price for fish located within the fishing 

grounds and /X2 is the current-value shadow price for fish located within the reserve. 

Since the current-value Hamiltonian is linear in effort, the switching function will 

determine the optimal level of effort to exert within the fishery. The switching function 

is ^ — (S) \-P ~ ~ If ^ > Oj then Ef — Ef^MAx) and if 0 < 0, then Ef = 0. In 

the case that 9 — 0 the steady-state equilibrium optimal amount of effort, Ef, can be 

represented as follows, 

Ef 
( l - « )  

Q 
r/(0 1 

X, _ \ _ ^ r R { O X n ( ^  
(3.19) 

where X/ and XR represent the optimal steady-state biomass levels located within 

the fishing grounds and the reserve. This can be obtained by noting that in the steady-

state equilibrium Xf = XR = 0, which implies that in a steady-state equilibrium the 

following will be true 

and that 

_ i l - a ) K f { , p ) )  

This directly implies that the steady-state harvest rate is equal to the biological 

growth in both the reserve and the fishing grounds. In addition, the growth rate in the 
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reserve is equal to the emigration from the reserve to the fishery. Therefore combining 

these two identities and solving for effort yields the optimal steady-state effort, EF. 

In the steady-state optimum XF and XR must solve the following equations. 

(3.22) 

Ff + [ F f { X f , ^ , x P )  +  F R { X n , ( ,  
p q  

X P Q ^ f  -  c i l  -  a ) )  

1 

+ 

s  

(3.23) 

The above equations are obtained from evaluating the first order conditions gener

ated using the current-value Hamiltonian, where ijj) and [XR, (, ip) are 

the representative partial derivatives of the growth functions for the fishing grounds 

and the reserve with respect to their biomass.® In addition, the following value func

tion is used to compare the value of the fishery in the parameterized environment. 

V { X f j R , E f )  =  
(i-«) 

(3.24) 

Having developed the system of equations that defines the optimal biomass levels 

for the fishing grounds and the reserve, XF and XR, and the current-value of the 

fishery, the following section will examine the effects that a change in the policy 

parameter, a. (the size of the reserve), has on the current-value of the fishery. 

®The solutions to the current-value Hamiltonian are similar to those derived by Conrad [17] except 
for the use of the reserve size, a, the functional representation for harvest, H[Ef,Xf,q) and the 
use of the logistical growth functions incorporating the presence of biological hot spots, Ff{Xf,^, i>) 

'^"This value function is identical to that used by Conrad, except for the division by(l — a) within 
the harvest function.(Conrad, [17]). 
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3.4 Simulation Results 

Following the convention used by Conrad [17] when solving this system of equations, 

we can parameterize the values of p, c, q,5,s,rf,rR,Kf, Kr and numerically solve for 

the optimal steady-state biomass levels, XJ and XR. We may also determine the 

o p t i m a l  s t e a d y - s t a t e  e f f o r t  l e v e l s ,  E f ,  a n d  t h e  v a l u e  o f  t h e  f i s h e r y ,  V{XF,XR , E f ) .  

This was conducted to evaluate the value of the fishery in the presence of both ho

mogeneous and heterogeneous intrinsic growth rates and carrying capacities. Unless 

otherwise specified it is assumed that the price per unit of harvest, p, is equal to 20, 

the cost per unit of effort, c, is equal to 2, the catchability coefficient, q, is equal to 

0 . 0 5 ,  t h e  m i g r a t i o n  c o e f f i c i e n t ,  s ,  i s  e q u a l  t o  e i t h e r  1 0  o r  2 0  a n d  t h e  d i s c o u n t  r a t e ,  5 ,  

is equal to 0.08. The other parameters, represented by the vectors ^ and ip will be 

specified depending on the environment being simulated. 

The case of homogeneous growth is illustrated to reinforce the results generated 

by Conrad in the absence of stochastic shocks, for the theoretical model developed 

in Section 3.3 parallels Conrad's model when it is assumed that the intrinsic growth 

rates and carrying capacities are homogeneous." The cases of heterogeneous intrinsic 

growth rates and carrying capacities are illustrated to show that in the presence 

of biological hot spots and under optimal resource management there exists a non

zero optimal marine reserve size that maximizes the net present value of the fishery. 

Thus, there exists an optimal pohcy parameter, a, which will maximize the value of 

the fishery with the inclusion of a no fishing zone. 

3.4.1 Homogeneous Growth Functions 

Within this simulated environment it is assumed that r/(^) = TR^ ^ )  =  r  =  0.4, 

= K = 100 and = aa = 0. The results from this simulation 

'^^When assuming that the intrinsic growth rates and carrying capacities are homogeneous it is 
assumed that r/(^) = = r and = K. 
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FIGURE 3.1. Value Function: Homogeneous Growth Functions. 

are obtained by varying the reserve size (the poUcy parameter), a, from 0 to 0.7 of 

the total fishery and solving for the optimal biomass, Xf and XR, to determine the 

optimal effort levels, Ef, and value of the fishery, V}'^ The results from this simulation 

are illustrated in Figure 3.1. 

From these simulations it becomes evident that in the presence of homogeneous 

growth functions the creation of a marine reserve will detract from the value of the 

fishery. This simulation result illustrates Conrad's proposition when he stated, "In the 

deterministic model, under perfect management, there was no need for a marine sanc

tuary. Creating a 'no fishing zone' simply reduced the present value of net revenues 

(Conrad, [17] pg.215)." This results because increasing the reserve will decrease the 

available resource within the fishing grounds without providing any additional gains 

to the harvest. When adding more area to the reserve and truncating the fishing 

^^Simulations in the presence of homogeneous growth were conducted using MATLAB 6. The size 
of the reserve, a, was varied from 0 to 0.7 using increments of 0.0005 for a total of 1400 observations. 
Copies of the program are available upon request from the author. 
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grounds the migration of fish from the reserve to the fishing grounds does not exceed 

the rate of production of the recently truncated area. This results due to the homo

geneous growth functions possessed in both the reserve and the fishing grounds. As 

a final result the value of the fishery is diminished and one is better off without the 

implementation of a marine reserve. 

3.4.2 Heterogeneous Growth Functions 

To illustrate the impacts that heterogeneous growth functions have on the fishery, 

a potential distribution of intrinsic growth rates or carrying capacities needs to be 

assumed to develop the theoretical model. The following subsections outline the 

distributional assumptions in the presence of either heterogeneous intrinsic growth 

rates or carrying capacities. 

Heterogeneous Intrinsic Growth Rates The distribution of intrinsic growth rates 

that will be used in the analysis is illustrated in Figure 3.2}^ Although this is a 

simplified distribution of intrinsic growth rates, it is effective at illustrating the effect 

that the presence of biological hot spots have on the value of the fishery when under 

optimal management a portion of the fishery is declared a "no fishing zone." As 

described in Section 3.2, it is assumed that intrinsic growth rates can be ordered 

from highest to lowest and that the marine reserve will encompass those areas with 

higher intrinsic growth rates before those possessing a lower intrinsic growth rate.^^ 

In addition, the intrinsic growth rates within the fishing grounds and the reserve are 

distribution of intrinsic growth rates is assumed to he on a continuum of possible levels. In 
the case that this is not true, a modified histogram can be constructed. However, for the purpose 
of this chapter the assumption of a continuum is implored, 

^''This is a relatively strong assumption. However, if this is not possible to implement one could 
envision a network of smaller marine reserves that are located at various locations within the fishery 
with the sum of the total area equaling the policy parameter, a. In addition, if the marine reserve 
is fragmented the "SLOSS" (single large or several small) argument of marine reserve formation will 
need to be addressed (McNeill and Fairweather, [48]). 
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FIGURE 3.2. Distributional Assumption: Heterogeneous Intrinsic Growth Rates. 

assumed to be the average of all the location specific intrinsic growth rates lying 

within the respective fishing grounds and reserve. 

There are two regions that must be considered when determining the intrinsic 

growth rates within the fishing grounds and the reserve. These regions are when 

the reserve size, a, is less than or equal to the degree of heterogeneity within the 

fishery, and when the reserve size exceeds aip. Using the distribution illustrated 

in Figure 3.2, the intrinsic growth rates within these two regions can be calculated. 

This is conducted in the following two subsections. 

Region One : a < ain The following functions will represent the intrinsic growth 

rates within the reserve and the fishing grounds when the reserve size, a, is less than 

or equal to the portion of the overall fishery that possesses a heterogeneous intrinsic 
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growth rate, represented by a^. 

f n i O  = f M A X  —  
{ f M A X  —  f B A S s )  r«" 

Q:\j/ 12 -
(3.25) 

'"/(O — ̂ BASE + 
{TMAX — F BASE) Q:| 

(1 - a)a<ij _ 2 2 
(3.26) 

Region Two : a > aq. When the size of the reserve exceeds the percentage of 

the fishery possessing a heterogeneous intrinsic growth rate the following functions 

represent the intrinsic growth rates within the reserve and fishing grounds. Again 

letting rR{^) and r/(^) be the average of all the intrinsic growth rates lying within 

the reserve/fishing grounds. 

Using these functional representations for the intrinsic growth rates within the 

fishery and the reserve it is possible to re-parameterize the optimization equations, 

Equations 3.22 and 3.23, and numerical solve for the optimal reserve size using dif

ferent levels of Q!>p and a. By construction, the distribution of intrinsic growth rates 

illustrates a decreasing marginal contribution to the reserve's growth function as ad

ditional areas with lower intrinsic growth rates are added. This follows the logic of 

biological hot spots because it is plausible to imagine a fishery with a handful of 

different biological hot spots yet with varying levels of reproductive strength. These 

varying levels of reproductive strength will contribute a decreasing marginal contri

bution to the reserve's intrinsic growth rate when the additional areas added to the 

reserve possess a higher intrinsic growth rate than the base intrinsic growth rate 

possessed by the overall fishery, TBASE-

{R MAX — RBASE)0^L! 
FNIO == FBASE + (3.27) 

— 'F'BASE (3.28) 
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Reserve Size Percentage of Heterogeneity 

FIGURE 3.3. Value Function: s = 10, tmax = 0.8 

Incorporating these revised intrinsic growth rates into the model, simulations were 

conducted for the following parameterizations; TBASE = 0.4, and TMAX = 0.8 and 1.6 

when 5 = 10 and 20 to illustrate how increasing the span between TMAX and VBASE 

and the migration rate affect the optimal marine reserve size. To simplify the analysis 

the carrying capacities within the fishing grounds and the reserve are assumed to be 

homogeneous, Kf(IP) = KR{'IP) = K = 100. In addition, was varied from 0 to 0.5 

and a was varied from 0 to 0.3.^® The results from these simulations are illustrated 

in Figures 3.3, 3.4, 3.5, and 3.6. 

From these simulation results it becomes evident that in the presence of heteroge-

^®Simulations were conducted to obtain a total of 2000 observations for each simulated environ
ment. This was achieved using increments of 0.006 for values of a and increments of 0.0125 for 
increments of aq,. Simulations were conducted using M ATL AB 6 and the program is available upon 
request from the author. 
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Reserve Size ° ° Percentage of Heterogeneity 

Figure 3.4. Value Function: s = 10, tmax = 1.6 
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Figure 3.6. Value Function: s = 20, TMAX = 1-6 
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neous intrinsic growth rates there exists a positively sized optimal marine reserve size 

for a benevolent social planner to select that will maximize the value of the fishery. 

This can be seen by noting that when a = 0 the value of the fishery dramatically 

increases as a begins to increase. The increase is greater in the presence of strong 

heterogeneity, differences between TMAX. and TBASE, and higher values of indi

cating that the marginal contribution of the reserve to harvest exceeds the marginal 

reduction resulting from decreasing the available fishing grounds. However, this does 

not always hold and as the size of the reserve becomes too large it restricts the avail

able fishery population for harvest and therefore reduces the value of the fishery. To 

determine the optimal reserve size for the fishery it is necessary to locate the peaks of 

the value functions for all levels of A<I, and TMAX, doing so illustrates that the optimal 

reserve size is less than 15.60 percent for the parameters used in these simulations.^® 

Tables 3.1 and 3.2 illustrate the optimal marine reserve size for the simulations con

ducted as well as for some additional simulations conducted using different values of 

TMAX- In Table 3.1 are the results when 5 = 10 and Table 3.2 contains the results 

when s = 20. These results were obtained by varying a from 0 to 0.20 using intervals 

of 0.0008 and varying from 0.05 to 0.50 using intervals of 0.05. 

For small differences between TMAX and TBASE within a fishery the size of optimal 

reserve is small. Additionally, it is evident that for fisheries characterized by a large 

area of biological hot spots relative to the total fishery, expressed by the marginal 

contribution to the optimal reserve size decreases as the difference between TMAX 

and TBASE increases. This result indicates that the size of the optimal reserve is 

proportional to the rarity of biological hot spots existing within the fishery. Given 

the parameterization utilized in these simulations the optimal size of marine reserve is 

below 15.60 percent. In order to determine the optimal size marine reserve for a given 

already referred to, these results are subject to the parameters chosen within the model 
and are chosen not to set definite levels of an optimal marine reserve size, but to illustrate that a 
positively sized optimal marine reserve does exist. 
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fishery it is necessary that all the components that contribute to the determination 

of its size are established by professionals within the field. The purpose of these 

simulations is not to assume that all fisheries can be characterized by one of the 

parameterizations illustrated above, but to show that in the presence of heterogeneity 

in the intrinsic growth rates within a fishery there exists a positively sized optimal 

marine reserve. 

Heterogeneous Carrying Capacities As was assumed in the presence of heteroge

neous intrinsic growth rates and in Section 3.2, it is assumed that the location specific 

carrying capacities can be ordered from highest to lowest. In addition, the carrying 

capacity within the fishing grounds and the reserve is assumed to be the average of 

all the location specific carrying capacities lying within these respective regions of the 

fishery. 

Two regions must be considered in determining the carrying capacities within the 

fishing grounds and the reserve. These regions are when the reserve size, a, is less 

than or equal to the degree of heterogeneity in the fishery, an, and when the size of 

the reserve, a, is greater than • These two regions will be analyzed in the following 

two sub-sections, assuming the distribution illustrated in Figure 3.7. 

Region One : a <aQ, The following functions can be used to determine the carrying 

capacities within the fishing grounds and the reserve when the size of the reserve, a, 

is less than or equal to the degree of heterogeneity within the fishery, 

KR{IP) — KM AX — 
{KMAX —  KBASE) r « '  

a n  L 2 -
(3.29) 

— KBASE + 
{KMAX — KBASE) ^ 

(1 - a)an _ 2 2 
(3.30) 
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KMAX 

KBASE 

FIGURE 3.7. Distributional Assumption: Heterogeneous Carrying Capacities. 
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Region Two : a > an When the size of the reserve exceeds the percentage of the 

fishery possessing a heterogeneous carrying capacity the following functions can be 

used to represent the carrying capacities within the reserve and fishing grounds. 

am = (3^31) 

•^/('^) = Kbase (3.32) 

Using these revised measures of carrying capacity Equations 3.22 and 3.23 can 

be parameterized to incorporate the heterogeneous carrying capacities. As was the 

case in the presence of heterogeneous intrinsic growth rates, there exists a decreasing 

marginal contribution to the carrying capacity in the reserve as more regions within 

the fishery are added to the reserve. Incorporating these revised measures of the car

rying capacity within the fishing ground and the reserve, simulations were conducted 

using the following parameterization: KBASE = 100, KMAX = 200 and 400, when 

5 — 10 and 20 to illustrate how the difference between KBASE and KMAX and the 

migration rate affect the optimal size of the marine reserve. In order to simplify the 

environment it is assumed that r/(0 = = r = 0.4. In addition, was varied 

from 0 to 0.50 and the size of the reserve, a, was varied from 0 to 0.30.^'' The results 

from the simulations are illustrated in Figures 3.8, 3.9, 3.10 and 3.11. 

From these simulations it becomes evident that in the presence of heterogeneous 

carrying capacities there exists a positively sized optimal marine reserve. Additional 

simulations were conducted to locate the peaks of the value functions and therefore 

determine the optimal size of the marine reserve. These simulations yield similar 

results to those found in the presence of heterogeneous intrinsic growth rates, in that 

the optimal marine reserve size given the parameterization utilized is less than 17.52 

^'^Simulations were conducted to obtain a total of 2000 observations for each simulated environ
ment. This was achieved using increments of 0.006 for values of a and increments of 0.0125 for 
increments of an. Simulations were conducted using MATLAB 6 and the program is available upon 
request from the author. 
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Percentage of Heterogeneity Reserve Size 

Figure 3.8. Value F\inction: s = 10, KM AX = 200 
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4000 

Percentage of Heterogeneity Reserve Size 

Figure 3.9. Value Function: s = 10, KMAX = 400 



Percentage of Heterogeneity 

Figure 3.10. Value Function: s = 20, KMAX = 200 
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Percentage of Heterogeneity Reserve Size 

Figure 3.11. Value Function: s = 20, KM AX = 400 
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percent of the overall fishery. Tables 3.3 and 3.4 illustrate the optimal marine reserve 

size for the simulations conducted as well as for some additional simulations using 

different values of KMAX- In Table 3.3 are the results when 5 == 10 and Table 3.4 

contains the results when s = 20. These results were obtained by varying a from 0 

to 0.20 using intervals of 0.0008 and varying an from 0.05 to 0.50 using intervals of 

0.05. 

The results illustrated in Table 3.3 and Table 3.4 reinforce the findings in the pres

ence of heterogeneous intrinsic growth rates. Therefore, when their is heterogeneity of 

any type within a fishery there exists a positively valued optimal size for the marine 

reserve which will maximize the value of the fishery. 

3.5 Conclusion 

The results from this chapter indicate that including heterogeneity in the growth 

functions within a fishery will strongly influence the construction of the optimal ma

rine reserve, that being the size of reserve that maximizes the value of the fishery. For 

the most part this chapter indicates that the bioeconomic optimal reserve size is small 

in comparison with the recommendations made by ecologists. However, this does not 

imply that their results are not applicable, especially since the optimal marine reserve 

size is highly correlated with the migration coefficient, 5, and the other parameters 

are assumed to remain constant within the theoretical model. In addition, I have 

not allowed for any stochastic shocks to the population. Conrad [17] and Harford 

[30] have already illustrated that a fishery possessing homogenous growth functions 

would benefit from the construction of a marine reserve to serve as a buffer from 

stochastic shocks to the population. Therefore, it would appear logical that in the 

case of stochastic shocks to the population in the presence of heterogeneous growth 

functions that the optimal reserve would be larger than observed in this chapter when 

the objective is to stabilize the value of the fishery. This is a potentially interesting 
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question and one that could be numerically solved in a similar fashion by combining 

the bioeconomic model developed in this chapter with that of Conrad and Harford. 

The implementation of a reserve increases the net present value of the fishery in 

the presence of heterogeneous growth by taking advantage of the productive capacity 

of the fishery. When fishing is allowed within the entire fishery the population in any 

given area is lower than if that location was encompassed within a reserve. Encom

passing a location within the reserve allows for the population to increase within the 

region. This results in a higher density, biomass divided by the carrying capacity, 

within the reserve than in the fishing grounds. When the growth functions within a 

fishery are homogeneous this increased density within the reserve is not sufficient to 

balance the harvest lost due to the truncation of the fishing grounds. If the growth 

functions are heterogeneous the density within the reserve is greater than it would be 

in the presence of a homogeneous growth function, and the density dependant migra

tion counters the lost harvest resulting from the truncation of the fishing grounds. In 

essence the reserve is providing a natural "fish farm" which feeds the fishing grounds. 

Within the theoretical framework characterized within this chapter, the optimal 

marine reserve size is that which maximizes the benefits from the migrating biomass. 

The reserve size is analogous to a social planner's decision to set the optimal effort 

allocated to these areas of higher productive capacity to zero. A social planner would 

do this to increase the density that would exist within a reserve when effort is absent 

in the area. 

This does not imply that a social planner should set the optimal effort level to zero 

in all areas that possess a greater productive capacity. Reducing the size of the fishing 

grounds is only productive when the marginal increase in harvest, resulting from 

the migration of biomass from the reserve to fishing grounds, exceeds the marginal 

decrease in harvest resulting from truncating the fishing grounds. As the reserve 

size increases the difference between the marginal benefit from the reserve and the 

marginal loss in harvest decreases. This difference is exacerbated by the increase in 
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heterogeneity within the fishery. As the heterogeneity increases within the fishery the 

marginal benefits increase. However, when the degree of heterogeneity becomes too 

large it reduces the uniqueness of the hot spots and the marginal loss to the fishery 

begins to exceed the marginal benefits from the reserve. This results in the eventually 

decrease in the optimal reserve size, as depicted in Tables 3.1 through 3.4. Therefore, 

it is optimal for the social planner to set the level of effort within a given region of the 

fishery at zero as long as the marginal benefits derived from the migrating biomass 

to the fishing grounds exceeds the marginal loss resulting from truncating the fishing 

grounds. This situation will occur whenever there exists heterogeneity in the growth 

functions between the reserve and the fishing grounds. 

To display the benefits derived from establishing a marine reserve when a fishery 

possesses heterogeneous growth functions. Table 3.5 illustrates the optimal steady-

state biomass levels, XF and XR, effort level, EF, harvest, migration and value for 

t h e  f o l l o w i n g  s c e n a r i o s :  V m a x  =  1 . 0 , 5  =  1 0 , =  0 . b ] r M A x  =  1 - 0 , s  =  2 0 , =  

0.5; KM AX = 250, s = 10, an = 0.5; KM AX = 250, s = 20, AA = 0.5. These values are 

calculated when the reserve size is set equal to 0, and when the reserve size is set equal 

to the size that maximizes the value of the resource in the presence of heterogeneous 

growth.^® From this table it becomes evident that implementing a reserve increases 

the harvest and value of the fishery. Although, the optimal amount of effort is higher 

than when the reserve does not exist, a = 0, the resulting increase in cost from the 

higher effort levels is offset by the increased harvest resulting from the migration of 

biomass from the reserve to the fishing grounds. This increases the value of fishery by 

5.99, 8.40, 6.39, and 9.67 percent respectively. In addition, the benefits derived from 

higher rates of migration are illustrated by noting that when the migration coefficient, 

is important to note it is assumed that optimal resource management is being implemented 
within the fishing grounds since the optimal level of effort is endogenous. This is a necessary 
assumption for a marine reserve to be beneficial (Allison et. al.,[2]). For a more complete review of 
marine reserve impacts in the absence of optimal resource management one should read Hannesson's 
research (Hannesson, [27]). 
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5, increases, the value of the resource also increases despite the fact that the underlying 

growth functions have remained unchanged. This reinforces the argument described 

above, that a marine reserve is beneficial as long as the marginal benefit derived 

from the reserve via migration exceeds the marginal reduction in value resulting from 

increasing the truncation of the fishing grounds. As the migration coefficient increases 

so to does the marginal benefit derived from the reserve and the optimal size of the 

marine reserve itself. 

The primary findings to be extracted from this chapter are that first of all in 

the presence of heterogeneity in growth functions within a fishery a positively sized 

optimal marine reserve does exist. This optimal reserve size maximizes the value 

of the fishery by taking advantage of the increased growth rate within the reserve 

to feed the fishing grounds. In addition, this model illustrates that as the spread 

in heterogeneity becomes larger, the size of the reserve can be decreased because 

the migration of the population from the reserve and into the fishing grounds will 

increase due to the increased natural reproduction of the biomass located within the 

reserve.^® This results from the fact that steep gradients are associated with fisheries 

that possess locations that are starkly different from the surrounding areas and this 

increases the unique nature of the heterogeneity. 

From these findings it becomes evident that when biological hot spots are present 

within a fishery, these areas should be reserved as long as the marginal benefit they 

provide is not exceeded by the marginal costs associated with truncating a fishing 

ground. Therefore, the use of marine reserves to protect areas of the marine realm 

makes economic sense in the presence of heterogeneous growth. 

^®The spread can viewed as the difference between either TMAX and TBASE in the case of het
erogeneous intrinsic growth rates and KMAX and KBASE in the case of heterogeneous carrying 
capacities. 



Optimal Marine Reserve Size (+-0.08%) 

TMAX/O^I 0.10 0.20 0.30 0.40 0.50 

0.6 4.00% 6.48% 8.32% 8.96% 9.76% 

0.8 4.08% 7.20% 8.96% 9.92% 10.80% 

1.0 4.08% 7.20% 8.88% 9.84% 10.64% 

1.2 4.08% 6.64% 8.40% 9.60% 10.40% 

1.4 4.08% 6.56% 8.08% 9.12% 9.76% 

1.6 4.08% 6.40% 7.60% 8.80% 9.36% 

TABLE 3.1. Heterogeneous Intrinsic Growth Rates: s = 10. 

Optimal Marine Reserve Size (+-0.08%) 

rMAx/a, 0.10 0.20 0.30 0.40 0.50 

0.6 3.20% 5.68% 8.08% 10.40% 12.00% 

0.8 4.00% 7.60% 10.80% 13.20% 15.20% 

1.0 4.40% 8.00% 11.20% 13.68% 15.60% 

1.2 4.40% 8.40% 11.20% 13.60% 15.60% 

1.4 4.40% 8.40% 11.20% 13.28% 15.20% 

1.6 4.40% 8.08% 10.80% 13.20% 14.80% 

TABLE 3.2. Heterogeneous Intrinsic Growth Rates: s = 20. 



Optimal Marine Reserve Size (+-0.08yo) 

Kmax/KII 0.10 0.20 0.30 0.40 0.50 

150 4.32% 7.20% 8.96% 10.16% 11.04% 

200 4.40% 7.36% 9.28% 10.56% 11.52% 

250 4.32% 7.20% 9.04% 10.32% 11.20% 

300 4.32% 7.04% 8.72% 9.92% 10.72% 

350 4.24% 6.80% 8.40% 9.44% 10.24% 

400 4.16% 6.56% 8.08% 9.04% 9.76% 

TABLE 3.3. Heterogeneous Carrying Capacities: s = 10. 

Optimal Marine Reserve Size (+-0.08yo) 

KiviAx/cin 0.10 0.20 0.30 0.40 0.50 

150 4.72% 8.80% 12.08% 14.80% 17.04% 

200 4.72% 8.88% 12.32% 15.12% 17.52% 

250 4.72% 8.80% 12.16% 14.88% 17.12% 

300 4.72% 8.72% 11.92% 14.56% 16.64% 

350 4.72% 8.56% 11.68% 14.08% 16.00% 

400 4.64% 8.48% 11.36% 13.68% 15.44% 

TABLE 3.4. Heterogeneous Carrying Capacities: s = 20. 



a XF XR 

RMAX -

EF 

0.8; Ol(P 0.5; s=10 

Harvest Migration Value 

0.00% 44.06 0 6.15 13.56 0 323.51 

10.64% 36.86 6.82 6.99 14.42 2.29 343.10 

a XF XR 

RMAX = 

EF 

0.8; a<P = 0.5; s=20 

Harvest Migration Value 

0.00% 44.06 0 6.15 13.56 0 323.51 

15.60% 32.32 9.95 7.58 14.79 3.47 350.82 

a XF XR 

KMAX = 

EF 

250; an = ̂ 0.5; s=10 

Harvest Migration Value 

0.00% 56.49 0 4.71 13.31 0 321.03 

11.20% 47.55 16.37 5.30 14.19 2.44 341.63 

a XF XR 

KMAX ~ 

EF 

250; ; a o  =  ^ 0.5; s=20 

Harvest Migration Value 

0.00% 56.49 0 4.71 13.31 0 321.03 

17.12% 43.34 21.61 5.60 14.64 3.78 351.96 

TABLE 3.5. Optimal Resource and Harvesting Levels. 
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Chapter 4 

BECAUSE THAT'S WHERE THE FISH ARE? SPATIAL 
ANALYSIS OF LOCATIONAL CHOICE IN THE EASTERN 

BERING SEA 

4.1 Introduction 

Assessing the factors that influence fishermen's selection of locations within a fish

ery is integral to the effectiveness of fisheries policy. Although it is important to 

understand the dynamics of a fishery on a macro-scale, it is becoming increasingly es

sential to analyze the determinants of fishermen's effort on a smaller, location specific 

scale. The premise for this research is that fishermen will choose a location based not 

only on the expected abundance of biomass within and surrounding that location, 

but also on the behavior of other fishermen currently exerting effort within the re

gion. This research is unique because it expands on the previous literature conducted 

on fishermen's locational choice by incorporating the presence of spatial spillovers. 

It also provides the first empirical investigation of the presence of herding behavior 

using a spatial Heckit model. 

The purpose of this research effort is four-fold. First, it redefines the spatial 

resolution often used in the fisheries economics literature by reducing the geographical 

scale of potential fishing locations. Second, it allows for the spatial spillover of nearby 

locations to influence the supply of effort within a fishery. Third, the density of the 

target species within a specific geographic location and its surrounding neighbors is 

introduced as a potential determinant of the fishermen's locational choice. Finally, it 

empirically investigates the presence of herding behavior among fishermen within the 

yellowfin sole and Pacific cod fisheries of the Eastern Bering Sea. 

Incorporating these advancements into the current fishery economics models will 
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enhance our understanding of the strategies employed by fishermen and help analyze 

the effectiveness of our fisheries management policies. This is significant as estimates 

conducted by the National Marine Fisheries Service (NMFS) have indicated that over-

exploited fisheries within the United States account for approximately 71.9 percent of 

the federal fisheries production, making elBcient and effective resource management 

increasingly important (NMFS, [68]). 

Fisheries managers have a multitude of potential policy instruments that can be 

utilized to manage a fishery. Previously used instruments have focused on capital 

restrictions within a fishery, seasonal closures, transferable quotas, the use of landing 

taxes, and the implementation of marine reserves.^ The success of any management 

scheme is contingent upon the spatial distribution of effort within a fishery. Ignoring 

the factors that inlluence the spatial distribution of effort may result in a reduction 

in economic returns and the potential collapse of fish stocks. In addition, as fisheries 

managers start to manage a fishery based on geographically distinct regions within 

the fishery, it becomes increasingly important to understand the determinants of 

fishermen's effort supply within these smaller micro-regions of the fishery. 

As one begins to micro-manage the fishery by recognizing the inherent heteroge

neous nature of the resource, it becomcs pertinent to incorporate the potential for 

spatial spillovers among contiguous regions within the fishery. This concept is not 

new to the fisheries economics literature. Other researchers have found that the pres

ence of vessels within a given region of a fishery serves two important purposes. They 

serve to indicate the relative abundance of fish populations and fishing in groups 

may lower the risk associated with diverging from the locational decisions of other 

fishermen (Allan and McGlade, [1]; Vignaux, [73]). Vignaux discovered that within 

the New Zealand hoki fishery, fishermen made their effort decisions based on their 

^The implementation of marine reserves involves the complete exclusion of effort within a specified 
geographical location of a fishery. Those interested in reviewing the hteratiire on marine reserves 
should look at the following research papers; Schnier, [66j; Sanchirico and Wilen, [62, 63]; Harford, 
[30]; Conrad, [17]; Hannesson, [27], 
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own recent catch histories and the distribution of aggregate effort within the fishery 

(Vignaux, [73]). This finding was re-enforced with the research conducted by Holland 

and Sutinen on the New England trawl fisheries. They surveyed the New England 

fishermen to estimate the determinants of their effort supply within the fishery. Indi

vidual and aggregate locational choice was an integral component of their locational 

choice decisions (Holland and Sutinen, [37, 38]). 

The above statements support the supposition of herding behavior among fisher

men. However, none of the earlier empirical research efforts have directly investigated 

this phenomenon. This research empirically investigates the presence of herding be

havior by incorporating the presence of spatial spillovers into the econometric model. 

Accepting that the spatial distribution of effort and the relative abundance of fish 

stocks affect fishermen's effort decisions, it becomes necessary to accurately model 

these potential interactions within a fishery. The use of current advancements in the 

econometric field, spatial modelling, allows for these effects on the aggregate distri

bution of effort to be determined. 

Previous literature focusing on the determinants of locational choice have em

ployed numerous explanatory variables in their econometric models. Research con

ducted by Palsson and Durrenberger on the determinants of harvest have indicated 

that almost all of the variability in catch can be explained by the vessel size and the 

amount of effort supplied (Palsson and Durrenberger, [54]). As a result, this loca

tional choice model incorporates vessel characteristics to control for the variability in 

effort attributed to the technology chosen by fishermen. The harvest rates of varying 

species within a fishery has also been shown to be a determinant of locational choice 

(Holland and Sutinen, [37, 38]). However, information on harvest is not included in 

this research. Instead, location specific biomass estimates are used in the estimation 

because they are a better proxy for species abundance than the rate of harvest, which 

has served as a proxy for species abundance in other research efforts. 

In addition to incorporating the density of biomass in a location, this chapter uses 
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a different econometric model than conventionally employed in the fisheries litera

ture focusing on locational choice. Other research efforts have analyzed locational 

choice decisions by dividing a large fishery into a handful of smaller regions creat

ing a multinomial logit model of locational choice to determine the probability that 

an individual vessel will supply its effort to a specified location. These models are 

often based on the premise that fishermen will supply their effort to a location that 

maximizes their expected utility of fishing within a specified location (Mistiaen and 

Strand, [49]; Curtis and Hicks, [19]; Smith, [69]). Other researchers have used loca

tional choice models to test the validity of Gordon's open access model (Holland and 

Sutinen, [38])^ to test the belief that fishermen will supply their effort to the location 

that maximizes the expected profits within the region (Bockstael and Opaluch, [8]; 

Eales and Wilen, [22]; Dupont, [21]; Ward and Sutinen, [75]; Holland and Sutinen, 

[37]) and the equality of location specific catch-per-unit effort (CPUE) implied by 

the ideal-free-distribution theory (Gillis et. al, [25]; Hilborn and Ledbetter, [35]). 

Additional research has analyzed the dissemination of information within a fishery 

(Campbell et. al., [11]) and the optimal club size among fisherman (Wilson, [78]). 

Whereas other research efforts have focused on the individual decisions of fisher

men, this research effort focuses on the aggregate determinants of effort supply for 

two separate fisheries within the Bering Sea, the Pacific cod and yellowfin sole fish

eries. I explore the idea that fishermen will supply their effort to a specific location 

based upon the expected abundance of biomass within and surrounding that location 

as well where spatial effort concentrations occur. Incorporating a measure for the 

surrounding areas is achieved by using spatial econometric techniques which weight 

the surrounding observations according to their distance away from the location of 

interest. 

^Gordon's seminal work in the fishery economics literature stated that fishermen would distribute 
their eflbrt throughout the fishery such that average return from fishing equals the marginal cost 
of fishing (Gordon, [26]). This directly imphes that fisherman will continue to exert effort within a 
fishery even when the marginal return per unit of effort is less than the marginal cost incurred. 
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This chapter is organized as follows. Section 4.2 provides a description of the 

region analyzed in the Eastern Bering Sea as well as a brief history of the Pacific 

cod and yellowfin sole fisheries. Section 4.3 outlines a herding behavior model as it 

applies to the behavior of fishermen. Section 4.4 describes the data used within the 

econometric model. Section 4.5 describes the econometric model used to estimate 

the determinants of fishermen's locational choice. Section 4.6 describes the empirical 

results, and the chapter is concluded in the final section, Section 4.7. 

4.2 Biogeographical Information 

The Eastern Bering Sea oflt the coast of Alaska is formed by the largest continental 

shelf outside the Arctic Ocean. It is twelve-hundred kilometers long and greater than 

five hundred kilometers wide at its narrowest point. The Eastern Bering Sea is an 

underwater plain with few geographic features; it gradually deepens from the shore 

to about one hundred and seventy meters at the shelf break. At the shelf break the 

depth increases dramatically, approaching the Aleutian Basin in the Bering Sea. The 

Eastern Bering Sea contains a high concentration of macrobenthic infaunal biomass 

which is ten times greater than the outer shelf as one approaches the Aleutian Basin 

(Wilderbuer et al., [77]). This characteristic makes it a prime location for demersal 

species resulting in an abundance of groundfish fisheries such as the Pacific cod and 

yellowfin sole fisheries. 

Pacific cod (Gadus macrocphalus) is a demersal species broadly distributed through

out the Gulf of Alaska and the Bering Sea/Aleutian Islands. The Aleutian Islands 

provide a geographical barrier between the stocks in the Bering Sea and the Gulf of 

Alaska, however tagging and genetic studies have failed to show that there exist sepa

rate stocks within these locations (Kruse et. al., [42]). Pacific cod concentrate around 

the outer continental shelf in the Bering Sea in water depths of one hundred to two 

hundred meters and less than five hundred meters. They tend to congregate in this 
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area from January through April during the spawning season, with some movement 

to shallower waters (around one hundred meters) in the summer. Pacific cod are 

relatively long-lived species, entering the fishery around the age of seven and living 

up to nineteen years. 

Activity in the Pacific cod fishery began in the early 1960's as Japanese longliners 

entered the Eastern Bering Sea and harvested Pacific cod for the frozen fish market. 

This activity often coincided with their trawling activity within the walleye pollock 

fishery as a primary by-catch species. With the advent of the Magnuson Fishery 

Conservation and Management Act of 1976, which established the 200 mile U.S. 

Exclusive Economic Zone (EEZ), this fishery became managed by The North Pacific 

Fishery Management Council (NPFMC). By the year 1991, the foreign and joint-

venture sectors participating in the fishery had been displaced by the multiple-gear 

domestic fishery (Thompson and Dorn, [72]). The primary products produced from 

this fishery include the headed and gutted products and fillets with some products in 

the salted, whole fish and roe industry (Kruse et. al., [42]). The demersal nature of 

this species, its broad distribution throughout the Bering Sea/Aleutian Island chain, 

and its economic significance in the Alaskan fisheries make it an interesting fishery in 

which to study the determinants of the fishermen's effort supply decisions. 

Yellowfin sole {Pleuronectes asper) is a slow growing, long-lived demersal flatfish 

species. Their length rarely exceeds forty centimeters and they can live up to twenty-

five years. This species of flatfish prefers to live in water depths of less than fifty 

but up to one-hundred meters. Although yellowfin sole are primarily located in the 

shallower areas of the Eastern Bering Sea, they do migrate to even shallower water 

in the spring with reverse migration occurring during the summer and autumn. 

Yellowfin sole have been harvested from the Eastern Bering Sea since 1954. They 

were almost exclusively harvested by foreign vessels with extremely high catch rates 

occurring from 1959-62, causing a dramatic decline in the fish population. Since the 

creation of the EEZ within the Eastern Bering Sea, the populations have rebounded 
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as foreign ventures were completely phased out by 1990. In fact in the year 1997 

the harvest was 181,389 metric-tons, the largest since the fishery became managed 

under the Magnuson Fishery Conservation and Management Act (Wilderbuer and 

Nichol, [76]). Being a flatfish, the primary products from this fishery are fillets. The 

yellowfin sole fishery has been chosen for the spatial analysis of locational choice 

because it represents a productive flatfish fishery within the Eastern Bering Sea, is a 

demersal species, and this fishery is primarily contained within the continental shelf 

lying off the coast of Alaska. 

These fisheries represent two distinctly different groundfish fisheries with respect 

to the distribution of effort and biomass within the Bering Sea. The Pacific cod 

fishery is more spread out while the yellowfin sole fishery is more concentrated. These 

distributional differences may lead to each of these fisheries assimilating information 

differently. This phenomenon will be empirically investigated. 

4.3 Herding Behavior Model 

Herding behavior results when individual agents employ decision rules that are 

based on the actions that others take. A simple example of herding behavior would 

be the selection of a restaurant based on the popular opinion of its quality. Banerjee 

describes herding behavior as a situation where all agents take the same actions of 

other agents, even when their own private information may indicate that this is an 

improper action (Banerjee, [6]). Other research on herding behavior allows for there to 

exist both positive and negative herding behavior in the form of information cascades 

(Bikhchandani et al, [7]). The presence of herding behavior, or informational cascades, 

has also been experimentally tested with both positive and negative cascades being 

observed (Anderson and Holt, [3]). Despite the theoretical and experimental work 

conducted, little has been done to empirically investigate the presence of herding 

behavior. 
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Within the context of a fishery, herding behavior results whenever fishermen re

ceive signals on the relative abundance of fish populations in and around a given 

location and select locations based not only on the signals that they receive but more 

importantly on the choices that others around them have made.^ For instance, a fish

erman may observe a signal on the relative abundance of a target species within a 

given region. In addition, there exists some prior probability on the strength of that 

signal. The greater the probability, the more rehable the signal. After receiving the 

signal on species abundance, the fisherman observes the locations that others before 

him have chosen and incorporates this information into his decision process. The 

beginning of herding behavior results if he selects his fishing location based more on 

what others are doing around him than on what his signal tells him is the optimal 

location to choose. If others within the fishery, who are faced with the same decision, 

begin to follow the fisherman as well then herding behavior will persist. 

There is an important distinction to make with regard to the theoretical literature 

and the herding behavior model described above, and that is the spatial component 

associated with a fishery. Current theoretical models do not possess a spatial com

ponent. If we return to restaurant selection as an example of herding behavior, then 

we would add a spatial component to this model by inferring that herding behavior 

will result if people gravitate toward the same restaurant but are constrained by not 

being allowed to dine at the same table. This is similar to the herding behavior 

model developed for the fishery. Herding behavior results when fishermen begin ag

gregating in the same regions but are constrained by the ability to fish in only those 

areas where others are currently not fishing. Therefore, being attracted to a location 

because others are fishing in surrounding locations will result in herding behavior. 

Herding behavior can result in two different outcomes, positive or negative herd-

®The methods by which a fisherman may obtain population signals are numerous. For exam
ple, they may obtain the signals by tracking temperature gradients, using technological devices 
("fish finders"), communicating with other fisherman, obtaining ex-post harvest information and/or 
biomass data from the NMPS, 
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ing behavior.^ Positive herding behavior occurs when the first fisherman possesses the 

correct signal on species abundance within the fishery and all subsequent fishermen 

are successful in finding the optimal area within the fishery. Negative herding be

havior occurs when the first fisherman does not possess the correct signal on species 

abundance and all subsequent fishermen end up fishing in an area that does not pos

sess the highest concentration of fish. Theoretically, the presence of herding behavior 

will generate two possible outcomes; positive herding behavior results in a successful 

harvest whereas negative herding leads to a reduced harvest and failure. 

Within the context of this research, the signals that fishermen possess in any given 

year are based on the species abundance within the given regions of the fishery for 

the observed and the previous year. They decide where to fish based not only on 

this information, but also on the location of other fishing vessels pursuing the same 

species. Herding behavior results when the spatially weighted effort concentrations of 

the other fisherman within the fishery is a significant determinant of their decision to 

fish within a given location. A positive cascade occurs when the locational decisions 

that they make correspond with those regions that currently possess the highest 

concentrations of the target species. A negative cascade results when their locational 

decisions do not correspond with the regions that possess the highest concentrations 

of the target species. The following sections describe the data used and the estimation 

procedure conducted to test for the presence of herding behavior within the yellowfin 

sole and Pacific cod fisheries of the Eastern Bering Sea. 

4.4 Data Description 

Fishermen in the Eastern Bering Sea are required to document their harvest ac

cording to the statistical reporting areas used by the Alaska Department of Fish and 

Game and the National Marine Fisheries Service, who monitor the fisheries. These 

^In the previous literature this phenomenon is referred to as either a correct or an incorrect 
cascade (Bikhchandani, et al., [7]). 



108 

statistical reporting areas divide the Eastern Bering Sea into grids that are one-half 

degree latitude by one degree longitude. These grids define the micro-regions that 

parse the data set. In addition, macro-region variables are used according to the six 

major regions into which the NMFS divides the Eastern Bering Sea. These macro-

regions correspond with the location size used by other researchers when analyzing 

the locational choices of fisherman. These variables are incorporated to control for 

the presence of herding behavior on a regional scale. Figure 4.1 illustrates the six 

major regions used in the analysis along with the number of statistical reporting areas 

lying within each of the six regions.® 

There are two major classifications of vessels that participate in the Pacific cod 

and yellowfin sole fisheries, the catcher-vessel and the catcher-processor sectors. The 

catcher-vessel sector represents those vessels that travel to and from their port after 

harvesting, whereas the catcher-processor sector represents those vessels that can 

process their catch at sea and are thus able to stay at sea for a longer duration than 

the catcher-vessel sector. 

The National Oceanic and Atmospheric Administration (NOAA) has provided 

the data used in the analysis. However, the data set provided by NOAA has been 

screened for confidentiality. Effort levels for locations that have had four or more 

vessels of similar characteristics in a statistical reporting area are observed whereas 

locations with less than four vessels are not observed.® In order to rectify this defi

ciency a Heckit procedure is conducted to correct for the potential sample-selection 

encountered. Table 4.1 describes the data by year for each of the fisheries analyzed 

along with the percentages of censored data. 

Observed data points are assigned a spatial coordinate centered on the statistical 

reporting area grid within which the observation was made. Given the numerous 

^Figures 4.1, 4.2, and 4.3 were obtained from the Alaska Department of Fish and Game. 
®The different characteristics that are used to differentiate the vessels are whether or not they 

are within the catcher-vessel or catcher-processor sector, the length class (small, medium or large) 
and the type of gear used by the vessel. 
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FIGURE 4.1. Geographical Area Studied 
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combinations of vessel class, size, and gear, multiple data points are observed for 

many of the statistical reporting areas. Aggregating the data points would not only 

reduce the set of available information to be used in the estimation but it would be 

inaccurate given the censored nature of the data. To rectify these problems, when 

more than one data point is observed for a location in a given year, the data points 

are assigned the same coordinate. This ensures that these observations possess the 

same spatial weights when the spatial weighting matrix is constructed. Figures 4.2 

and 4.3 graphically illustrate the spatial layout of the data for both the yellowfin sole 

fishery and the Pacific cod fishery.'' 

As referenced in the introduction, biomass estimates are incorporated into to the 

econometric model. These observations were obtained from the National Marine 

Fisheries Service(NMFS) who conducts an annual biomass trawl survey in the early 

summer of each year to determine the estimated densities of the populations within 

the Eastern Bering Sea. Data from this survey is reported according to the latitude 

and longitude coordinates where the trawl survey began. It has been aggregated 

into the statistical reporting area in which the survey was conducted. The biomass 

trawl survey provides biomass estimates (estimates of kilograms per a hectare) for 

one hundred and sixty-one of the statistical reporting areas within the Eastern Bering 

Sea.® 

Data resulting from the annual biomass trawl surveys are used by NMFS to es

timate the relative abundance of the different commercial species within the Eastern 

Bering Sea. Therefore the results from these surveys are the best available data for 

'^Figures 4.2 and 4.3 illustrate all the locations in which an observation was made in any of the 
six years studied. Some of the locations possess observations for only one of the years. However, 
they are included to graphically illustrate the boundaries of analysis. 

®Biomass estimates from the annual trawl survey provide estimates of abundance for a majority 
of the statistical areas within the Eastern Bering Sea. For the yellowfin sole fishery the biomass and 
haul data possess a high degree of overlap, and a majority of the fishery is analyzed in this research 
chapter. However, since the Pacific cod fishery extends into the Aleutian Islands, annual biomass 
estimates are not available for this region. Therefore, the analysis on the Pacific cod fishery is only 
conducted in those regions that possess both biomass estimates and haul data. 
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biomass concentrations that are not a direct result of the harvest information. Other 

data used in the analysis, such as measurements of depth within a statistical report

ing area, were obtained from nautical maps with bathymetric contours. Appendix 

C.l indicates the name of the variables chosen and the source of the data used in the 

econometric model. 

The next section presents an unrestricted and restricted spatial Heckit model that 

can be used to conduct spatial analysis in the presence of censored data. The selec

tion equation is derived from the non-linear least squares spatial probit estimation 

procedure developed by Fleming [24], The main equation is derived from the esti

mation procedure developed by Kelejian and Prucha [39]. The quasi-panel nature of 

the data is incorporated into the model in a similar fashion to the model of Druska 

and Horrace when they developed a generalized moments estimation for spatial panel 

data (Druska and Horrace, [20]). 

4.5 Spatial Heckit Model 

Since the data used in the econometric model has been screened for confidentiality, 

ignoring the unobserved information will yield inconsistent and inefficient estimates 

of the model if the screening process is non-random. Therefore, a modified Heckit 

procedure (Heckmann, [33]) is used to account for the censoring process.® Combining 

the Heckit procedure with the spatial model yields a spatial Heckit model. 

The selection equation is that hauls, the proxy for effort in a given location, is only 

observed if four or more vessels of a given class harvest within a statistical reporting 

area. Define hijt to be a binary variable which takes a value of 1 when hauls in location 

i for species j and time period t are observed, Hijt > 0, and a value of 0 when hauls 

®Heckmann's procedure was developed to address what is referred to as "incidentally truncated 
data." However, since the selection process is a censoring process conducted to preserve the con
fidential identity of harvesting agents, it will be referred to as "censored" data throughout the 
chapter. 
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are not observed, Hijt ~ 0. In the presence of spatial spillover the selection equation 

in a spatial Heckit can be expressed as, 

hijt ^lijtPj f^ijt t 1, ,T ("^'1) 

where 

l^ijt Pstj~1~ ̂ ijt  t 1, ,T (^*^) 

and where Mt is an {Nt x Nt) spatial weighting matrix of known constants for each 

year, which captures the spatial correlation within the data. Subscript i indicates the 

location observed, t indicates the year observed and j indicates the fishery being 

studied. Defining Xijt = [xujt MtX2ijt] to be a {Nt x k) matrix of regressors and 

5'^j = [/3j 9j] to be a (fc X 1) parameter vector, the selection equation can be simplified 

to, 

hijt ~i~ f^ijt ('^•^) 

with the same spatial autoregressive error structure specified in Equation 4.2 

above. The elements of Sijt are assumed to be independently and identically dis

tributed with zero-mean and finite variance, and and are independent of 

each other, \/1 ̂  s. In addition, the diagonal elements of Mt are assumed to be zero 

and the matrix (/jVf — PstjMt) is non-singular, with \pstj\ < 1- The main equation in 

the spatial Heckit model can be expressed as, 

Hijt = ^ujtCj + + Pxj^ijt + Vijt t =: 1,....,T (4.4) 

where 

^ijt PmtjM^t^ijt ^ijt ^ 1,....,T (4.5) 
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and Mt is an (iVj x Nt) spatial weighting matrix defined above^° and is the 

inverse mills ratio constructed from the selection equation as follows, 

Defining Zijt = [zujt MtZ2ijt Xijt] to be {Nt x I) matrix of regressors that influ

ence the efi'ort exerted in location i in time period t, and 5'^^ = [Cj (j P\j] to be a 

(i X 1) parameter vector, the main equation can be simplified to, 

Hijt ^ijt^mj ^ijt J ('^•7) 

with the same spatial autoregressive error structure specified in Equation 4.5. 

The elements of e^f are assumed to independently and identically distributed with 

zero-mean and finite variance, and £ijt and are independent of each other, 

V t ^ s. In addition, the diagonal elements of Mt are assumed to be zero and the 

matrix (/jvt — PmtjMt) is non-singular, with \pmt3\ < 1-

The estimation of the selection and main equation will be outlined in the following 

sections, focusing first on the probit estimation. Estimating the selection equation 

can not be achieved by conducting the standard probit regression, as the variables hijt 

are not independently distributed. Therefore the likelihood function in the presence 

of spatial correlation can be expressed as. 

/

O'ljt r^Nji 
I '4^{^ijt)d^ijt (4.8) 

-oo J —oo 

where Uijt = ^ and t4>{eijt) = (Flem

ing, [24]). Evaluating this likelihood function requires a multidimensional integra

tion process because of the spatial relationships within the data. To estimate the 

^°The spatial weighting matrix Mt for each of the years, t, does not need to be the same for both 
the selection and main equation within the spatial Heckit. However, for the purpose of simphfication 
it is assumed to remain the same in both the selection and main equations. 
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spatial probit a spatial discrete choice estimator developed by Fleming is used to 

consistently estimate the spatial probit (Fleming, [24]). Fleming's estimator is a non

linear least squares estimator that can be estimated using Generalized Method of 

Moments(GMM) (Hansen, [28]). For now assume that Pst and are known. Col

lecting terms over t and i and dropping the subscript j, which indicates the fishery 

analyzed. Equations 4.3 and 4.2 can be redefined as, 

h = X5s + ji  jjL = plM*iJ,  + e (4.9) 

where 

X = 
0 0 Ml 0 0 PI 0 0 

0 0 M* = 0 0 0 0 
0 0 XT 0 0 MT 0 0 PT 

Let T represent the sum of all observations across time and location.Therefore, 

the dimensions of X is {T x k), M* is of dimension (T x T) and p* is of dimension 

(r X T). Fleming's estimator in the presence of a spatial autoregressive error process 

can be expressed as follows. 

5s = arg min T' L̂ X'AQA'X 
T 

-1 
T (4.10) 

where 

T=\j ,X'A{h-F{X'5s))] ,  A f(XSs) 
- V- "syyj. ^— -F(xSs)[i-~F(xSs)] 

and f{X5s) is the normal pdf and F{X5s) is the normal cdf. Due to spatial autore

gressive error component illustrated in Equation 4.2 the errors for the above specified 

non-linear discrete choice model are heteroskedastic. This is corrected using the 

White's heteroskedasticity consistent variance-covariance matrix, In the presence 

Since the data set is not a true panel data set in that observations can not be paired across time 
and each year does not possess the same number of observations we can not define the dimensions of 
these matrices to be {NT x NT). Therefore, to simplify the notation (T x T) will be used whenever 
all the observations are aggregated across time and location. 
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of spatial autoregressive errors Q = {IN — which corrects 

for the heteroskedasticity as well as the spatial autoregressive error structure spec

ified in Equation 4.2. In order to obtain the White's heteroskedasticity consistent 

variance-covariance matrix, the non-linear GMM estimator needs to be conducted 

in two stages. In the first stage, X'X is substituted for Q to obtain the consistent 

estimation of the non-linear estimator. Prom this stage residuals are obtained which 

can be used to create Q. Following the creation of Cl the non-linear estimator is 

re-conducted substituting Cl for X'X, in the estimation procedure. This will provide 

consistent estimates for the parameter vector, Ss- Of course, these estimates rely on 

the consistent estimation of the spatial autoregressive parameter, p*, which can be 

obtained using the residuals from the first stage of the non-linear estimator following 

the methodology developed by Kelejian and Prucha [40]. This methodology will be 

outlined following the estimation description for the main equation. It will also be 

used to consistently estimate the spatial autoregressive parameters,and cr^^, for 

the main equation. 

The data being analyzed within this research contains the spatially weighted hauls 

as an explanatory variable within the regression to test for the presence of herding 

behavior among fishermen within the yellowfin sole and Pacific cod fisheries of the 

Eastern Bering Sea. Due to the endogeniety of the variable within the estimation it is 

instrumented prior to the two stage non-linear estimator. The endogenous variable is 

instrumented using an instrument matrix, Ds = [X^, M*X^,M*'^X^], which is con

ventionally used in the presence of spatially lagged endogenous variables, where X' 

represents the linearly independent columns of X(Kelejain and Prucha, [39]; Fishback, 

Horrace and Kantor, [23]). Assuming that the errors resulting from the instrumenta

tion are orthogonal to the instrument matrix, Ds, and that errors from the first stage 

of the regression are orthogonal to the observation matrix, X, using the instruments 

generated will yield consistent estimates for the non-linear least squares estimator. 

Although the instruments incorporate the censored nature of the data as an ex
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planatory variable, this variable does serve as the best readily available information 

on others locational choice decisions. Given that the method of censoring is known, 

haul data is unobserved if the number of vessels is less than four, if we assume that a 

low number of vessels corresponds with lower levels of effort, the instruments provide 

an excellent measure of effort concentration within the fishery. Therefore, incorporat

ing this relative measure of effort concentrations will allow for the presence of herding 

behavior to be empirically tested. 

The non-linear estimation outlined above is considered the "unrestricted" esti

mation. This procedure allows for each of the T years to possess their own individ

ual spatial autoregressive parameter, p^t- In addition, to this estimation technique, 

which is computational cumbersome, a "restricted" estimation will be conducted. A 

restricted estimation is represented by creating a time invariant spatial autoregressive 

parameter, ps, such that Psi = Ps2 = •••• = Psn = Ps- This is achieved by pooling 

the data and forcing pi to be a constant multiplied by the spatial weighting matrix, 

M*. Although this simplifies the estimation procedure it is not as efficient as allowing 

for each year to possess their own spatial autoregressive parameters. Restricting the 

estimation does not allow for the spatial spillovers that exist within the fishery to 

change from year to year, implying that the spatial influences on locational choice are 

time invariant. 

Having outlined the non-linear estimation technique used to estimate the selec

tion equation, the following section will outline the unrestricted estimation technique 

conducted to consistently and efficiently estimate the main equation of the spatial 

Heckit model. The estimation technique builds on the work done by Druska and Hor-

race when they developed a generalized moments estimation for spatial panel data 

(Druska and Horrace, [20]) and incorporates Kelejian and Prucha's generalized spatial 

two-stage least squares procedure {G2SLS) (Kelejian and Prucha, [39]). Revisiting 

Equations 4.7 and 4.5 and collecting terms over t and i and dropping the subscript 

j, which indicates the fishery being analyzed, we can obtain the following simplified 
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estimation equations, 

H — Z6M + = P*mM*u + e (4.11) 

where 

"^1 0 o" "^1 0 0 " Pi  0 o" 
z = 0 0 M* = 0 0 P*m = 0 0 

0 0 ZQ; 0 0 ZT 0 0 PT 

and Z is a (T x T) matrix of explanatory variables, M* is a (T x T) matrix and p*^ 

is a (T X T) matrix. Note that p*^ contains the spatial autoregressive parameters for 

the main equation which are not the same as those used in the selection equation, p*. 

In addition, the variance-covariance matrix implied by Equation 4.7 is heteroskedastic, 

which can be seen by noting that, 

E{e'e)  = 

In order to develop consistent and efficient parameter estimates for the main 

equation this heteroskedasticity needs to be corrected. Defining Ft = 

(Druska and Horrace, [20]), and a (T x T) matrix F* as. 

C^pNi 0 0 

0 0 
0 0 

p* 

Fi 

0 
0 

0 

0 

0 

0 
FT 

then we can pre-multiply the simplified main equation model in Equation 4.11 to 

obtain. 

H* Z*5m + e* (4.12) 
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where H* = r*H, Z* = T*Z, and e* = G*eP Assuming that Pmt and Omt are 

known, consistent and efficient parameters, dm, can be estimated. This is done using 

a generahzed two-stage least squares estimator is conducted {G2SLS) (Kelejian and 

Prucha, [39]). The generahzed two-stage least squares estimator is used because 

the model contains a spatially lagged dependent variable as an indicator of herding 

behavior and contains a  spatial  autoregressive error  component.  Conducting G2SLS 

consists of three stages. In the first stage, two-stage least squares, 2SLS, is conducted 

on Equation 4.7 using the linearly independent columns of Z, Z^, and the spatial 

weighting matrix M* to generate an instrument matrix DM = [Z^,  M*Z\ M*"^Z^] 

that is used to estimate the endogenous variable. This is identical to the procedure 

implemented earlier with the selection equation. From this first stage, consistent 

residuals are obtained and used to estimate the spatial autoregressive parameters, 

Pmt and Gmti used in the estimation procedure. This second stage will be described 

in the next section. After estimating the spatial autoregressive parameters, Ft is 

constructed and used to pre-multiply the dependent and independent variables within 

the model to correct for the heteroskedasticity that arises in the presence of spatial 

autocorrelation and to purge the data of the spatial autoregressive error component. 

Following this the final stage of the estimation is conducted by estimating Equation 

4.12. 

The generalized two-stage least squares {G2SLS) outlined above is considered 

"unrestricted" in the sense that each of the T years possess separate spatial autore

gressive parameters, Pmt and which implicitly creates T separate Ft weights that 

are pre-multiplied by the data within the estimation. As was conducted with the 

selection equation, a "restricted" model is also estimated. The restricted model is 

constructed by assuming that Pmi = Pm2 = ••• = Pm and that Omi = = ••• = <7m-

description and method of addressing the heteroskedasticity is identical to that illustrated 
by Druska and Horrace, [20]). 

^®The only difference between Ds and DM is that the variable DumCVMijt  is not included in 
DM for  ident i f ica t ion  purposes ,  and the  inverse  mi l l s  ra t ion  A^t  i s  inc luded in  Ds. 
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Assuming this directly implies that Fj = r2 = ... = P, which does not correct for the 

potential heteroskadasticity. The results from the restricted estimation assume that 

the spatial spillovers that occur within a fishery are time invariant. The following 

section outlines the estimation procedure used to estimate the spatial autoregressive 

parameters, p and 

4.5.1 Estimating the Spatial Autoregressive Parameters 

The estimation of both the selection equation and the main equation of the spatial 

Heckit model illustrated above hinges on the estimation of the spatial autoregressive 

parameters. Because the above outlined estimation procedures provide consistent 

residuals for both the selection equation and the main equation, the residuals result

ing from the first stage of the estimation procedure may be used to solve for the 

spatial autoregressive parameters, puj and The subscript i indicates the spa

tial autoregressive parameters for the selection equation, s, and main equation, m, 

t represents the year being estimated, and subscript j indicates the fishery studied. 

This is achieved using the generalized moment estimator developed by Kelejian and 

Prucha [40]. 

The estimation procedure is based on the three moment conditions derived by 

Kelejian and Prucha [40], which are used to construct a non-linear estimator of puj 

and afij. This estimator is represented as follows. 

i -v 'v  ^v 'v  1 

NT 

0 

^^v'v 

LwS'^ 'v+ v 'v)  j^v 'v  

where v is a vector or residuals resulting from the first stage of either the non-linear 

^^The residuals from the probit were obtained using the generahzed residuals procedure. They 
are defined as follows, /x = "" ^(^<^^))-
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spatial probit estimator or the generalized two-stage least squares model, v = M*v,  

and V = M*v. In the restricted case N is replaced with T as the data is pooled across 

time and the yearly error vectors are stacked creating a (T x 1) error vector, v. The 

estimates for the spatial autoregressive parameters are obtained as follows, 

{Pti j f f t i j )= argmin [v{puj ,(Tljyv{pti j , (^l j )]  (4.13) 

Following the estimation of the spatial autoregressive parameters for both the 

selection and main equation, they may be used to estimate consistent and efficient 

estimates for the parameter vectors, §s and 8m, thus completing the estimation proce

dure. In the following sub-section the methodology and intuition behind the spatial 

weighting matrix M* is defined. 

4.5.2 Spatial Weighting Matrix 

The use of a spatial weighting matrix allows for the spatial interaction among 

the independent variables to affect the dependent variable in the econometric model. 

Within the context of this chapter, the use of a spatial weighting matrix is premised 

with the belief that fishermen's locational choice is not only determined by the ex

pected biomass in a location but also by the observed effort exerted by other fishermen 

and the expected biomass in the surrounding locations. This is a plausible assump

tion and one which has been ignored in the previous empirical research conducted on 

locational choice within a fishery. 

In order to determine the values within a spatial weighting matrix one must con

struct a belief about which surrounding locations are believed to affect a specific 

locational observation. This is often determined by looking at either contiguous rela

tionships among geographical areas (Anselin, [4]; Case, [12]; Case, [13]) or by using 

a distance parameter that creates a circular band around a location with all obser

vations lying within the circle affecting the centered observation (Fishback, Horrace 
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and Kantor, [23]). 

For the purposes of this research effort a distance parameter will be used to con

struct the spatial weighting matrix for the surrounding areas. To construct the spatial 

weighting matrix an upper and lower bound on the distance band must be specified. 

Given the band established the spatial weight assigned to a location is as follows, 

{0 if dij  < lb or dij  > ub,  ,  ,  

l /d{j  i f  lb  < dij  < ub.  

where Wij is the spatial weight assigned to the distance between location i  and 

location j, dij is the Euclidian distance between locations i and j, lb and ub are the 

lower and upper bounds on the allowable distance band between two locations, and 

/ is the friction parameter. The use of the friction parameter allows for a decreasing 

marginal  contr ibution to the spatial  weight  as  the distance between location i  and j  

increases. Using this spatial weighting scheme, spatial weights were assigned to all 

the locations within the six years observed, 1995 through 2000, and for both of the 

fisheries studied, Pacific cod and yellowfin sole. Following the construction of the 

spatial weights a spatial weighting matrix for a given year t and species j, Mtj, was 

constructed as follows, 

Mu 

Wll Wi2 Wis WiN.t  
W21 W22 yJ23 • • • W2Njt  

: :  W33 • • • : 

WNjtl  WNjtS • • • 

where Njt is the number of locational observations for species j  in time period t .  

For both fisheries the number of locational observations is different for each of the 

six years. Instead of limiting the econometric model to only include those locational 

observations that were observed for all six years, a spatial weighting matrix for each 

of the six years was constructed and then used to generate a larger spatial weighting 

matrix that allows for the spatial spillover observed to vary across the time series. 
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In addition, the spatial weights, were row standardized such that the diagonal 

elements of M* were all zero and the sum of any row was one. The dimension of each 

year's spatial weighting matrix is determined by the number of locations observed for 

the given year.^® The dimensions of the aggregate spatial weighting matrix, M*, is 

determined by the total number of locational observations observed for each of the 

fisheries, j. The aggregate spatial weighting matrix is as follows,^® 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1^98j 0 0 
0 0 0 0 Mggj 0 
0 0 0 0 0 Mooj_ 

The aggregate spatial weighting matrix is used in the spatial Heckit model for 

both of the fisheries studied. For each of the fisheries two separate spatial weighting 

matrices were constructed. The first spatial weighting matrix uses a friction param

eter of 1 and the second spatial weighting matrix uses a friction parameter of 2. 

For both matrices the lower bound, lb, was set at 0 and the upper bound, ub, was 

set equal to the maximum distance between any two locations within a given year. 

This assures that all locations receive a spatial weight corresponding to its Euclidean 

distance away from any given observation. 

The choice of friction parameters was chosen to represent varying strengths of the 

signals and information that fishermen may possess. A friction parameter of 1 does 

not assign a majority of the spatial weight to those observations in the immediate 

vicinity of the location observed. Therefore the information provided using this fric

tion parameter represents a weak signal strength, because the fishermen's signal of 

biomass and effort levels is not concentrated to the specific region in question. A 

^®Tables 1 provides a description of the data used in the estimation, with the total number of 
observations for each year indicated. 

^®The dimension of for the two fisheries is 613 by 613 for the yellowfin sole fishery and 1853 
by 1853 for the Pacific cod fishery. 
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friction parameter of 2, on the other hand, assigns a majority of the spatial weight 

to those regions immediately surrounding the location in question. This provides a 

stronger signal to the fishermen because the information provided is regionally concen

trated with little spatial weight assigned to the far outlying regions. Having specified 

the econometric model used to estimate the determinants of locational choice in the 

yellowfin sole and Pacific cod fisheries within the Eastern Bering Sea, the following 

section discusses the results obtained. 

4.6 Econometric Results 

Estimation was conducted using the restricted and unrestricted models for both 

spatial weighting matrices. Results from the regressions are illustrated in Tables 4.2 

and 4.3.^^ Table 4.2 illustrates the results for the yellowfin sole and Table 4.3 for the 

Pacific cod fishery. M(l) represents the spatial weighting matrix possessing a friction 

parameter of 1, and M(2) the spatial weighting matrix possessing a friction parameter 

of 2. The variables used in both the selection equation and the main equation are 

illustrated in Appendix C.2. For identification purposes, the variable DumCVMijt 

was suppressed from the estimation of the main equation. This variable was created 

because a predominant number of vessel groups that possessed this classification did 

not possess any haul information, hijt = 0, and could therefore be used to explain 

the selection process but would not affect the estimation of the main equation. The 

spatial autoregressive parameters for the regressions are illustrated in Tables 4.4 and 

4.5. Table 4.4 illustrates the spatial autoregressive parameters for the yellowfin sole 

fishery and Table 4.5 represents the Pacific cod fishery. 

Focusing first on the estimation of the restricted and unrestricted models for the 

two fisheries a number of observations can be made. Allowing for each year to possess 

its own spatial autoregressive parameters, puj and increases the fit of the models, 

^^The t-tests were constructed from the variance-covariance matrix after the second stage of the 
G2SLS procedure outlined in Kelejian and Prucha [39]. 
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as measured by the R"^. However, the increase in the R"^ for the Pacific cod fishery is 

marginal when compared to the increase in the estimates for the yellowfin sole fishery. 

This may suggest that one can estimate the Pacific cod model via the "restricted" 

estimation technique. However, if one ignores the time variant spatial correlation the 

estimates of this model will be inefficient.^® 

Looking at the results for the yellowfin sole fishery a vessel groups technology can 

be used to explain a large degree of the variation that exists in the magnitude of effort 

concentrations. In all four regressions the classification of catcher-vessel and medium 

size reduces the magnitude of observed hauls. This is consistent with the vessel classes 

as catcher-processors and large vessels are observed to possess higher concentrations 

of effort in any region. The technology choice of non-pelagic trawl(NPT) or bottom 

trawl(BTR) has a positive and highly significant effect on the magnitude of the effort 

concentrations within any given region. The macro-region dummy variables are only 

significant for location three which corresponds to the region in the Eastern Bering 

Sea where a majority of the fishery exists, suggesting regional herding behavior as 

fishermen focus their effort in this region.^® 

Yearly dummy variables have been incorporated to control for the yearly variation 

in the data that may result from varying weather and current conditions and difi'erent 

temporal regional closures.^" Depth and spatially weighted depth measurements are 

used to account for variation in the hauls resulting from locational and regionally 

specific depth measurements. Coefficients on these variables are consistent with the 

benthic structure in the regions that yellowfin sole concentrate. They do not concen

trate in deep water, but prefer shallower waters on the continental shelf. Therefore 

the negative coefficient on maximum depth and the positive coefficient on minimum 

^®In the case of the spatial probit the estimates will also be inconsistent due to the non-linear 
nature of the estimation procedure. 

^^Regions 5 and 6 have been omitted because less than 10 percent of the observations were observed 
in the combined macro-regions, 

^"These variables are particularly important due to the El Nino and La Nina currents that occurred 
during the time period evaluated. 
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depth are consistent with the regions in which yellowfin sole concentrate. 

Having controlled for the technology, regional, yearly and bathymetric variation 

in the data we can begin to analyze the presence of herding behavior within the 

yellowfin sole fishery and determine whether or not it is a positive or negative cascade. 

In three of the four regressions the spatially weighted hauls are significant at the 90 

percent level or greater, with two of the regressions corresponding to the stronger 

signal assumption, both restricted and unrestricted estimation, being significant at 

at least the 95 percent level. This provides strong support for herding behavior 

among fishermen within the yellowfin sole fishery. The coefficients and significance 

levels of the biomass estimates support the assertion that the data is consistent with a 

positive cascade. The lagged biomass variable is significant to at least the 90 percent 

level for all four regressions, indicating that fishermen are attracted to the regions 

that possessed a higher concentration of biomass in the preceding years. In addition, 

the spatially weighted biomass variables are significant at the 95 percent level for 

three of the four regressions indicating that fishermen are herding to locations where 

the surrounding biomass concentrations are high. This suggests a positive cascade. 

The positive cascade may be questioned if one focuses on the unrestricted estimation 

corresponding with the strong signal and information assumption, M(2), because 

only the lagged biomass variable is significant at the 90 percent level.However, 

given that the spatially weighted hauls are significant at the 99.5 percent level one 

can not question that the data is consistent with the presence of herding behavior. 

Therefore, overall these regressions suggest a strong presence of herding behavior with 

marginally less support for the positive cascade. 

Analyzing the results from the Pacific cod fishery suggests that the technology 

implemented can significantly explain the differences in effort concentrations among 

Pacific cod fisherman. These results are consistent with the expectations regarding 

^^Note that the sign on the spatially weighted biomass in this regression is still positive, only the 
signifigance level is reduced. 
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the break down of vessel classes within the Pacific cod fishery. The catcher-processor 

sector and larger vessels, either catcher-vessels of catcher-processors, are expected 

to exert more effort within the fishery. The significance of bottom trawl (BTR) and 

hook and line (HAL) technologies is consistent with the predominate methods used to 

harvest Pacific cod. In addition, the significance of the regional dummy variables for 

regions three, five and six corresponds with those in which more effort is observed. 

As was conducted in the yellowfin sole regressions the macro-region, year dummies 

and bathymetric measurements have been incorporated to control for the regional, 

yearly and bathymetric variation in the data. The presence of herd behavior is only 

marginally supported within the regression results as only the unrestricted model with 

a strong signal and information assumption, M(2), possesses a positive and significant 

coefl[icient in the regression results. 

The most interesting result from the Pacific cod regressions comes from analyzing 

the coefficients on biomass, lagged biomass and the spatially weighted biomass and 

lagged biomass. The location specific biomass estimates are significant at the 99.5 

percent level for all the regressions conducted. This provides strong support for the 

aggregation of effort in regions that possess higher biomass concentrations. Under 

the weak signal and information assumption, M(l), the lagged biomass variable is 

negative and significant at the 95 percent level, and in all four of the regressions the 

spatially weighted lagged biomass variable possesses a negative and highly significant 

coefficient, 99.5 percent level of significance. This provides extremely strong support 

for the assertion that fishermen avoid locations that possessed higher concentrations of 

biomass within and surrounding that location in the preceding years.Completing 

this picture is the highly significant, greater than 99.5 percent, and positive sign 

^^Region three and five are significant in the restricted M(2) and unrestricted M(l) regressions. 
Region six is significant for all the regressions except for the restricted M(l) regressions, 

^^The macro-region variables indicate that fisherman still exert effort in the same regions each 
year, but the strong negative sign on the spatially weighted biomass indicates that the magnitude 
of the effort is strongly influenced by the lagged biomass variable. 
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on the spatially weighted current biomass estimates. This indicates that biomass 

concentrations in the surrounding locations are a positive determinant of locational 

choice. 

These observations imply a cyclical nature in the effort concentrations, because 

locations that fishermen harvested in one year are avoided in the following year. This 

behavior can be explained by the research of biologists Lotka [46] and Volterra [74] 

when they developed a dynamic predator-prey model of interaction. In the case of 

the Pacific cod fishery the predators are the fishermen and the prey are the Pacific 

cod within a given micro-region of the fishery. As the fishermen increase their effort 

concentrations in one location this causes the biomass levels to fall and they migrate 

to another region in the following year and return after harvesting in the alternate 

location. Therefore the Lotka-Volterra equations can provide a rough picture of the 

dynamics within the Pacific cod fishery. 

From these results it becomes evident that in both fisheries the spatial spillovers 

of surrounding locations affects the fishermen's locational choice decisions. The next 

section will conclude this chapter and provide some insight into the future use of 

spatial modelling in the fishery economics literature. 

4.7 Conclusion 

Understanding the determinants of fishermen's locational choice is integral to cre

ating successful fisheries management policy. This is increasingly important due to 

the falling commercial catches and biomass stocks within the Eastern Bering Sea dur

ing the time period analyzed. From these results two different pictures are painted. 

The yellowfin sole fishery, which is more concentrated within the Eastern Bering Sea, 

exhibits herding behavior among the fishermen that participate in this fishery. This 

herding behavior results in a positive cascade as the locational choice decisions cor

respond with the concentration of biomass and lagged biomass concentrations in the 
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surrounding regions. In order for positive herding behavior of this type to continually 

occur in the yellowfin sole fishery the biomass stocks must remain stable. If they were 

not stable you would expect the lagged biomass estimates to have a negative effect on 

locational choice as fishermen avoid regions harvested in the previous year. Recent 

research conducted by the National Marine Fisheries Services supports this assertion, 

in that the biomass concentrations in the Eastern Bering Sea have remained rela

tively stable (Witherell et al., [79]).^^ In addition, the clumping of effort reinforces 

Vignuax's view that fisherman will often fish in areas where others are fishing in 

order to minimize the risks associated with not obtaining a similar harvest as their 

competitors (Vignuax, [73]). 

The Pacific cod fishery, which possesses a different set of determinants for loca

tional choice, paints a different picture. Although the unrestricted regression under 

the strong signal and information assumption, M(2), supports the presence of herd

ing behavior, none of the other results support this assertion. Therefore, there exists 

marginal support for herding behavior among the Pacific cod fishermen. However, 

the results provide support for the Lotka-Volterra predator-prey dynamics. Fisher

men are alternating their yearly effort concentrations among the different regions of 

the fishery, responding negatively to lagged biomass and positively to current biomass 

concentrations. Given this dynamic, one would predict that the Pacific cod fishery 

is relatively instable when compared to the yellowfin sole fishery. This corresponds 

with the biomass concentrations observed and predicted by the National Marine Fish

eries Services, in that there has been a downward trend in biomass concentrations 

(Witherell et al, [79]).^® 

^^Biomass stocks of yellowfin sole within the Eastern Bering Sea increased from 1995 through 
1998 from 2 million to 2.3 milhon metric tons. During the years of 1999 and 2000 the biomass stock 
size decreased substantially to as low as 1.3 million metric tons with a recovery to 1.9 million metric 
tons in 2001. The variation resulting in 1999 and 2000 may be attributed to the chmatic conditions 
present during this time period (Wilderbuer and Nichol, [76]). Given this explaination it is plausible 
to state the biomass levels remained relatively stable during the time period studied. 

^®The Pacific cod stocks in the Eastern Bering Sea have fallen from a little over 1 million metric 
tons in 1995 to 0.53 metric tons in 2000 (Thompson and Dorn, [72]). 
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Differences between these two fisheries can easily be attributed to the physical 

characteristics that each possess. The yellowfin sole fishery is regionally concentrated 

in the Eastern Bering Sea whereas the Pacific cod fishery is much more spread out 

across the Eastern Bering Sea and Aleutian Island chain.Given that similar manage

ment policies exist for these two geographically and physically distinct fisheries and 

that fishermen exploiting them are responding to different signals and information, 

fisheries managers may want to incorporate this knowledge in developing new man

agement tools to address these distinctly different groundfish fisheries in the Eastern 

Bering Sea. One may also want to investigate the possibility of developing region

ally based total allowable catch or transferable quotas as a means of addressing the 

problems associated with the dwindling Pacific cod stocks. 

Aside from the fishery specific findings of this research, this chapter makes an 

important contribution to the fishery economics literature on locational choice by 

allowing for spatial interactions and spillovers to occur among fishermen within a 

fishery. Using the methods developed in this chapter and other spatial econometrics 

models we can expand current fishery economic models to incorporate this impor

tant component. Future research could travel down many roads. One may want 

to expand the spatial model to further investigate the Lotka-Volterra oscillations 

present in this research by endogenizing a model of spatial interaction among the 

prey species. Additionally, The question of herding behavior may be continued by 

looking at the different sub-classes of vessels and analyzing the spatial interaction 

among the different classes. These and other possibilities may be used to develop 

more efficient resource management policies in an effort to increase the social welfare 

of the commercial fishermen and the sustainable use of our resources. 

^®It is important to note that Pacific cod data for the Aleutian Island chain was not used in this 
analysis because yearly biomass estimates are not obtainable for these regions. However, 85 percent 
of the commercial harvest during the years 1996-2000 occurred within the Eastern Bering Sea. 

^^Recent estimates of biomass concentrations appear to predict a revival of the population within 
the Eastern Bering Sea. However, whether or not this persists is yet to be determined. If the fishery 
follows its traditional patterns the population would be expected to decline. 
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Yellowfin Sole Fishery 

Year 
Number of 
Observations 

Percentage 
Censored 

Number of Distinct 
Geographical Regions 

1995 113 47.37% 46 

1996 111 55.86% 54 

1997 117 52.99% 63 

1998 91 48.35% 50 

1999 75 41.33% 48 

2000 106 48.11% 49 

Total 613 49.51% 

Pacific Cod Fishery 

Year 
Number of 
Observations 

Percentage 
Censored 

Number of Distinct 
Geographical Regions 

1995 229 34.06% 74 

1996 315 41.46% 84 

1997 320 35.00% 90 

1998 317 38.80% 96 

1999 311 39.87% 84 

2000 361 45.15% 87 

Total 1853 39.43% 

TABLE 4.1. Data Description. 
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Restricted Restricted Unrestricted Unrestricted 
M(l) M(2) M(l) M(2) 

Constant -665.93 -703.93 -612.48 -171.22 
(-2.76)»*» (-4.76)*** (-3.31)*** (-2.00)** 

Dum CV -92.97 -220.52 -97.13 -95.03 
(-4.87)*** (-6.77)*** (-5.12)*** (-5.69)*** 

Dum Med. -60.74 -121.20 -64.68 -59.98 
(-4.07)*** (-6.17)*** (-5.28)*** (-5.76)*** 

Dum NPT 137.68 372.34 137.20 122.91 
(4.73)*** (6.45)*** (5.18)*** (6.07)*** 

Dum BTR 80.65 297.95 94.50 79.11 
(2.38)** (5.27)*** (3.08)*** (2.94)*** 

Dum 1 -41.89 -71.89 -3.82 -6.12 
(-0.93) (-1.58) (-0.11) (-0.17) 

Dum 2 -22.31 -80.77 7.45 -6.69 
(-0.46) (-1.63) (0.20) (-0.18) 

Dum 3 63.38 121.34 53.56 32.89 
(2.15)** (3.70)*** (2.27)** (1.44) 

Dum 4 -26.64 -50.21 14.30 14.16 
(-0.68) (-1.26) (0.48) (0.50) 

Dum 95 -118.35 -52.11 -71.79 17.55 
(-1.73)* (-1.38) (-1.39) (0.54) 

Dum 96 -144.95 -124.18 -90.15 4.54 
(-2.44)** (-3.11)*** (-2.17)** (0.20) 

Dum 97 -23.29 -59.60 -43.99 -2.87 
(-0.42) (-1.62) (-0.95) (-0.10) 

Dum 98 -50.92 -72.13 -59.66 -37.42 
(-1.11) (-2.28)** (-1.71)* (-1.65)* 

Dum 99 -43.54 -4.06 17.91 -4.17 
(-0.65) (-0.11) (0.36) (-0.18) 

Biomass 0.006 -0.002 0.057 0.011 
(0.09) (-0.03) (1.65)* (0.28) 

Lagged Biomass 0.139 0.198 0.061 0.055 
(2.72)*** (4.57)*** (1.85)* (1.67)* 

Max. Depth -0.042 -0.242 -0.009 0.0004 Max. Depth 
(-0.76) (-3.49)*** (-0.26) (0.018) 

Min. Depth 0.452 2.07 0.511 0.022 
(1.13) (3.67)*** (1.62) (0.07) 

M*(Biomass) 1.18 0.572 0.873 0.167 
(2.21)** (2.68)*** (2.21)** (1.01) 

M*(Lag. Bio) 0.156 0.255 -0.125 -0.105 
(0.35) (1.39) (-0.35) (-0.76) 

M*(Max Depth) -1.75 -2.08 -1.19 0.077 
(-2.57)** (-4.14)*** (-2.26)** (0.42) 

M*(Min. Depth) 10.29 3.72 7.12 0.179 
(2.69)*** (2.22)** (2.36)** (0.14) 

M*(Hauls) -1.39 1.14 1.66 1.97 
(-1.51) (2.56)*** (1.72)* (5.12)*** 

IMR 4.96 184.38 16.03 -1.18 
(1.16) (4.71)*** (1,26) (-0.43) 

0.2491 0.2738 0.2820 0.2999 

•indicates signitficant at the 90% level, ** indicates significant at the 95% level and *** indicates significant at the 99.5% level. 

TABLE 4.2. Spatial Heckit Results: Yellowfin Sole Fishery. 
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Restricted Restricted Unrestricted Unrestricted 
M(l) M(2) M(l) M(2) 

Constant 360.65 27.34 340.26 123.33 
(4.16)*»* (0.60) (6.50)*** (2.50)** 

Dum CP 21.66 6.47 12.74 16.48 
(2.49)»» (0.99) (2.87)** (2.60)** 

Dum Lar. 37.21 38.91 38.02 38.07 
(10.21)»** (10.77)*** (11.30)*** (11.29)*** 

Dum KPT 11.33 4.60 7.45 10.54 
(1.20) (0.48) (0.82) (1.12) 

Dum BTR 37.29 24.99 31.18 33.23 
(3.21)**» (2.20)** (2.52)** (2.48)** 

Dum HAL 54.51 54.22 55.25 56.75 
(5.90)*** (5.82)*** (5.90)*** (6.07)*** 

Dum POT 26.68 -2.95 0.458 7,02 
(1.62) (-0.22) (0.05) (0.52) 

Dum 3 -0.748 55.82 38.61 27.96 
(-0.02) (2.49)** (2.13)** (1.19) 

Dum 4 -6.92 29.08 29.93 15.84 
(-0.27) (1.41) (1.57) (0.75) 

Dura 5 8.00 61.88 47.86 35.58 
(0.29) (2.68)** (2.53)** (1.49) 

Dum 6 30.18 64.35 68.81 50.89 
(1.11) (2.95)*** (3.47)*** (2.32)** 

Dum 95 132.99 33.42 140.48 66.42 
(4.38)*** (2.02)** (5.56)*** (3.14)*** 

Dum 96 113.22 17.78 114.92 56.85 
(3.51)*** (1.02) (5.42)*** (3.04)*** 

Dum 97 48.23 10.64 50.70 16.76 
(4.58)*** (1.36) (5.61)*** (2.24)** 

Dum 98 10.06 0.953 9.60 -0.730 
(1.38) (0.14) (1.64) (-0.14) 

Dum 99 1.305 -1.46 2.054 -2.92 
(0.13) (-0.20) (0.21) (-0.50) 

Biomass 0.015 0.013 0.015 0.011 
(3.57)*** (3.00)*** (3.83)*** (02.66)** 

Lagged Biomass -0.152 -0.021 -0.138 -0.0008 
(-2.32)** (-0.33) (-2.36)** (-0.01) 

Max. Depth -0.041 -0.011 -0.039 -0.005 
(-0.87) (-0.24) (-0.72) (-0.10) 

Min. Depth -0.089 -0.051 -0.090 -0.07 
(-2.08)** (-1.28) (-2.17)** (-1.62) 

M*(Biomass) 0.143 0.058 0.183 0.048 
(3.41)*** (3.02)*** (4.70)*** (2.75)** 

M*(Lag. Biomass) -4.20 -1.43 -4.55 -1.996 
(-7.57)*** (-5.91)*** (-9.99)*** (-8.35)*** 

M*(Max. Depth) -1.999 -0.418 -2.298 -1.054 
(-3.48)*** (-1.56) (-4.70)*** (-3.41)*** 

M*(Min. Depth) -1.549 -0.178 -1.644 -0.863 
(-2.64)** (-0.63) (-3.72)*** (-2.94)** 

M*Hauls 0.332 0.290 0.584 0.571 
(0.78) (1.23) (1.44) (2.97)** 

IMR -12.83 1.650 -222.31 -3.69 
(-1.92)* (0.40) (-0.65) (-0.83) 

0.3033 0.3019 03074 0.3060 

* indicates significant at the 90% level, ** indicates significant at the 95% level and *** indicates significant at the 99.5% level 

TABLE 4.3. Spatial Heckit Results: Pacific Cod Fishery. 
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Chapter 5 

DISSERTATION CONCLUSION 

5.1 Research Discoveries 

From the research culminating in this dissertation a number of new discoveries and 

methodologies have been uncovered that will help benefit future fisheries research 

and effective resource management. The foundational assumption of this work is 

that sustainable resource use benefits both fishermen and fisheries. But the results 

put forth herein demonstrate that good intentions do not necessarily result in good 

management because fisheries are not static systems. 

For instance, experimentally it has been shown that the bio-complexities asso

ciated with spatially heterogeneous resources reinforces Moxnes's view of resource 

misperception [50, 51). This misperception of the resource may lead to inappropriate 

resource management despite the intentions of resource managers. In the experiments 

conducted in Chapter Two, the subjects in Group A, resource conservers, performed 

very well when the resource was a closed system. However, when spatial hetero

geneity in the resource was incorporated into the model in the fully-integrated and 

sink-source systems this added bio-complexity caused the subjects to fall victim to 

Moxnes's misperception concept. Therefore, these experiments highlight the delicate 

nature of fisheries management and the need to develop a better understanding of 

the relationship between the biological and economic dimensions of the resource. 

This does not imply that spatial heterogeneity will always have a negative effect on 

resource management. There are cases when the inherent resource heterogeneity can 

be used to augment fisheries policy and increase economic rents. An example of such 

a scenario is discussed in Chapter Three of this dissertation,where I illustrate that 

when there does exist spatial heterogeneity in the resource base this heterogeneity 
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can be used by resource managers to increase the net present value of the fishery. 

This is achieved by creating a marine reserve that restricts effort within some of these 

regions of higher recruitment to increase the yields within the fishing grounds. This is 

achieved through the migration of population from the reserve to the fishing grounds. 

This synthesis of resource conservation and economic motives is new to economics 

and may have an impact not only on future fisheries management, but also on the 

management of other species or ecosystems showing significant locational diversity. 

The earlier chapters of my dissertation have highlighted the complexities associ

ated with resource management when the resource is spatially heterogeneous. Chap

ters Two and Three suggest that extraction quantity alone should not be used to 

manage a fishery, but extraction location is also pivotal. This is relevant in the 

presence of a spatially heterogenous resources because it is possible for resource man

agement to be inefficient even when the overall harvestable quota is set appropriately. 

For example, when fishermen extract the harvestable quota in the wrong location a 

spatial externality is generated because over-harvesting in one region could have dele

terious effects on the surrounding regions. Given that this can occur, the locational 

decision heuristics employed by fisherman becomes exceedingly important. 

Chapter Four of my dissertation further explores the decision heuristics employed 

by fishermen. This chapter not only augments the current literature on locational 

choice by empirically investigating the presence of herding behavior among fisherman, 

but it also possesses a methodological contribution by incorporating spatial spillovers 

into the analysis. This research illustrates that within the yellowfin sole fishery of 

the Eastern Bering Sea the locational choice data is consistent with the predictions of 

herding behavior and fishermen are generating a positive information cascade. Within 

the Pacific cod fishery the data is weakly consistent with herding behavior and effort 

concentrations appear to be more evenly spread out. However, the data is consistent 

with the "chasing the fish" phenomenon predicted by Lotka-Volterra oscillations. 

Methodologically, Chapter Four makes a significant contribution to the literature 
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by endogenously incorporating the spatial interactions present in the empirical model. 

Given that both the resource itself and the harvesting agents are spatially heteroge

neous, this empirical model can be used in many other environmental and natural 

resource applications, thereby expanding the current empirical literature by allowing 

for spatial patterns in the empirical models. 

5.2 Future Research 

A number of future research projects have been stimulated by this dissertation. 

The role of resource misperception in the over-harvesting and mismanagement of our 

resources has a promising experimental future. One might explore the impacts of 

endowment effects on resource management. The current theoretical literature ap

proaches resource management from a steady-state equilibrium objective. Although 

this is an appropriate concept for resource sustainability, little research has been con

ducted on the impact that the initial resource level has on the ability of resource 

managers to achieve this steady-state equilibrium. Earlier research on the manage

ment of reindeer rangelands did incorporate this component into the research model, 

but the effects of the resource endowment were not isolated (Moxnes et. al, [52]). 

Therefore, conducting experiments using a closed resource environment with different 

starting levels of the resource endowment will illuminate the role that the resource 

endowment plays in the efficient management of a resource.^ The results from these 

experiments may be used to shed light on the difficulties that resource managers face 

when the resource is in either an under- or over-exploited state. 

The chapter on marine reserves has stimulated other theoretical research interests. 

^In the context of the fishery this would be achieved by starting the resource out at different 
fractions of the carrying capacity, Within the experiments conducted in Chapter Two the resource 
was initiated at one-half of the carrying capacity which forced the subjects to approach the steady-
state equilibrium from below. Starting the resource out at levels other than one-half may yield 
different results. This will depend on whether or not the subjects are required to converge to the 
steady-state equilibrium from above, below or at the optimal steady-state resource level. 
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Aside from the marine reserve's conservation and "fish farm" benefits, they possess 

an additional attribute that may make them a superior management instrument: 

the costs of management may be lower. Current theoretical literature analyzing 

instrument choice within a fishery has not approached fisheries management from 

a cost minimizing perspective. Potentially the use of reserves may be a superior 

instrument when approached from this perspective. Therefore, conducting future 

research on marine reserves focusing on the cost of implementation may influence the 

conventional use of instruments within fisheries management. 

In addition to the potential cost minimizing role of marine reserves, they may 

also be a better management tool from a habitat degradation perspective. Because 

all effort is excluded from the reserve this will allow the reserve area to restore its 

normal ecological balance that would presumably be influenced by the level of effort 

within the area prior to the establishment of the reserve. Therefore, developing a 

theoretical model that endogenously encompasses effort levels in the resource growth 

functions may illustrate the need to establish marine reserves. Developing such a 

model would not only expand the literature on marine reserves but it would advance 

bioeconomic modelling as well. 

The methodology implemented in Chapter Four has numerous applications in 

fisheries management. It allows researchers to empirically investigate the presence 

of inter- and intra-fisheries spatial spillovers. These interactions are of increasing 

interest among resource managers because the recent trend in fisheries policy has 

been to account for the bio-complexities within the resource. Currently, fisheries 

managers conduct regional closures for trawlers within the Pacific cod fishery due to 

the externalities they impose on the Pacific halibut fishery that is currently managed 

using Individual Transferable Quotas. The spatial model employed in Chapter Four 

can be used to estimate this inter-fishery interaction to determine the marginal effect 

that Pacific cod trawlers have on the Pacific halibut fishery. This same methodology 

could be used to determine the marginal effect that the recent creation of the Stellar 
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Sea Lion reserve has had on the commercial fisheries within the Eastern Bering Sea. 

From an intra-fishery perspective, the spatial model can be used to estimate the 

presence of congestion and technology externalities within a given fishery. Conges

tion externalities can be estimated by determining the marginal effect that spatial 

effort concentrations have on an individual's catch per a unit of effort within a given 

location. A negative coefficient on this marginal effect would re-enforce Gardner 

Brown's theoretical model of congestion within a fishery (Brown, [9]). In addition, 

the marginal impact that spatial concentrations of heterogeneous technology has on a 

given technological choice will provide resource managers with a better understanding 

of technological interactions within a fishery. 

This discussion of the potential research stimulated by this dissertation is really 

the beginning of a research agenda focused on developing better resource manage

ment instruments. This may lead to the proposal of regionally and/or technologically 

based transferable quotas within our dwindling fisheries. Regardless of the end result, 

incorporating the spatial heterogeneity of the resource and the spatial interaction of 

harvesting agents is a must for the future of effective and efficient resource manage

ment. 
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Appendix A 

INSTRUCTIONS FOR DECISION MAKING IN PATCHY 
RESOURCE ENVIRONMENTS - SESSION ONE 

A.l Introduction 

You are about to begin an economics experiment analyzing decision malting in 

patchy resource environments. A patchy resource environment is characterized by 

the migration of a resource within its environment. As you progress through these 

instructions and enter the demonstration round of this experiment you will begin to 

learn more about these environments. You must be able to answer the following five 

questions before you begin the experiment. 

1.) What decisions will I be making? 

2.) How is a patchy resource environment characterized? 

3.) How does the biomass in a given location change? 

4.) How are my profits calculated? 

5.) What is the residual resource value? 

A.2 What decisions will I be making? 

In this experiment you will be asked to decide how many fishing vessels you want 

to have harvest in three potential fishing locations. Your period harvest for each of 

the three locations will be determined by two factors: your catch percentage rate 

and the available biomass in a location. Your catch percentage rate is indicated on 

the experimental parameters page which will be shown to you prior to beginning the 

experiment and can be viewed again during the vessel allocation phase by clicking on 

the button in the upper left corner labelled 'review the parameters'. The available 

biomass in a location is indicated to the right of your vessel decisions and is influenced 
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by your previous decisions (this will be described in the growth description). There

fore, if your catch percentage rate is 20 percent, the available biomass is 10 and you 

allocate 2.5 vessels to a location, then your harvest for that location is determined as 

follows, 

Harvest = 0.20(catch percentage rate)*10 (available biomass)*2.5(Number of ves

sels in location) = 5 

Note: Your vessel decisions do not need to be integers, you can allocate 

fractions of a vessel as well, for instance you can allocate 7.895 vessels to 

an allocation. 

A.3 How is a patchy-resource environment characterized? 

A patchy resource environment is characterized by the migration of biomass from 

one location to another. On the Experimental Parameters page there is a diagram 

illustrating the percentage of the biomass that migrates from one location to another. 

In addition, the flow percentages are indicated to the right. For instance, if the 

biomass flow from 1 to 3 is 50 percent then that indicates that 50 percent of the 

available biomass will migrate from location 1 to location 3 in the next period. This 

diagram can be viewed during your vessel allocation phase by clicking on the button 

in the upper left corner labelled 'review the parameters'. 

A.4 How does the biomass in a given location change? 

There are three components to the rate of change in biomass within a given location. 

They are the growth function, the rate of migration from one location to another and 

your harvest. 

The biostock growth rate, BGR, and carrying capacity, CC, are used in the 

growth function for the biomass in the three locations. Combined they generate the 

following function for the location specific growth. 
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Growth for BGR=0.6 and CC=30 
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FIGURE A.l. Growth Function Graph: Demonstration 

Growth = BGR * (biomass in location)*( 1 - (biomass in location)/CC) 

For instance if the biostock growth rate is 0.6, the carrying capacity is 30, and the 

biomass stock in a given location is 10 then the growth is as follows. 

Growth = 0.6*10*(1 - 10/30) = 4 

Figure A.l depicts the growth within a location using the parameters in the 

demonstration round. Another growth curve will be provided at the end of the in

structions packet using the experimental parameters for reference. 

In addition to the growth within a given location, a location's population will 

increase/decrease based on the flow of biomass and your harvest. The way that this 

is calculated in the experiment is as follows, 

j5f+i = Bt + (Growth)t + (Flow from other locations)t - (Flow out of location)^ 

-(Harvest)t 
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where Bt+i is the biomass in a location in the next time period, Bt is the biomass 

in that location for the current time period, (Growth)j is the location specific growth 

that is determined by the biomass in that location, (Flow from surrounding locations)j 

is the incoming flow from the surrounding locations in the current time period, (Flow 

out of location)f is the flow out of a given location and (Harvest)f is your harvest 

from that location in the current time period. Therefore, if the biomass in locations 

1, 2 and 3 is 10, the growth in location 1 is 2, the flow of biomass from 2 to 1 is 10 

percent, the flow of biomass from 3 to 1 is 20 percent, the flow out from location 1 

to 2 and 3 is 5 percent, and your harvest in the current period is 4, then the biomass 

stock for location 1 in the next period is as follows, 

Bt+i = 10 + 2 + (0.10)*10 + (0.20)*10 - 2*(0.05)*10 - 4 = 10 

This equation is how the total biomass change is determined in each period. It is 

the sum of the individual locations growth and the net migration from the locations 

minus the harvest. 

A.5 How are my profits calculated? 

Your profits are calculated by multiplying the price per a unit of harvest given to 

you in the experimental parameters by the number of units that you harvested and 

subtracting the costs that you incurred for fishing in a location. The costs you incur 

are calculated by multiplying the number of vessels that you allocated to a given 

location by the cost per a vessel. For instance, if the price per a unit of harvest is 

20.50 and you harvested 2.25 units using 1.5 vessels at a per unit cost of 12, your 

profits for that period will be as follows. 

Profits = 20.50 * 2.25—12*1.5 = 28.125 (this is in experimental dollars) 

Each period's profit is calculated in experimental dollars with a conversion rate of 

1 experimental dollar equals 0.0025 U.S. dollars. Your profits for each period will be 

summed up as you progress through the experiment and will be added to the residual 
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resource value, which will be described in the following section. 

(Note: The price per a unit of fish caught and the cost per a vessel do 

not remain constant throughout the experiment. Please refer to the table 

in the back of this packet to see how the price and costs change) 

A.6 What is the residual resource value? 

The residual resource value is an additional profit derived within the experiment. 

It represents the value of the fishery in the last period. It is calculated by taking the 

average number of vessels that you allocated over the 35 periods of the experiment 

for each location and determining the harvest that you would have received given 

the biomass remaining in each location. The profits resulting from this harvest are 

calculated and then divided by a discount rate of 7 percent. For instance if your 

average vessel allocations are as follows, 

Average Loc. 1 = 6.89 Average Loc. 2 = 7.54 Average Loc.3 = 4.67 

and the remaining biomass in the locations are as follows. 

Rem. Biomass 1 = 15.34 Rem. Biomass 2 = 20.5 Rem. Biomass 3 = 5.24 

The price per a unit harvest is 10, the cost per vessel is 5, and the catch rate is 

10 percent then the resulting residual value is calculated as follows: 

Profits Loc.l = (10)*(6.89*0.10*15.34) - (5)*(6.89) = 71.24 

Profits Loc. 2 = (10)*(7.54*0.10*20.5) - (5)*(7.54) = 116.87 

Profits Loc. 3 = (10)*(4.67*0.10*5.24) - (5)*(4.67) -= 1.12 

Total for 3 locations = 71.24 + 116.87 + 1.12 = 189.23 (Experimental Dollars) 

Resulting residual value is = (189.23) / ( 0.07) = 2703.29 (Experimental Dollars) 

A.7 End of Instructions 

This concludes the explanation of the five important components that will help you 

make your decisions within this experiment. At this time you will enter a 5 period 
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demonstration round where you can practice your understanding of the system. You 

may participate in the demonstration round as many times as you wish. You will be 

asked whether or not you wish to participate in the demonstration round again at its 

conclusion. In addition, before you may enter the 35 periods of the experiment you 

must answer 3 questions correctly. If you do not answer these questions correctly, 

you will be prompted to enter the demonstration round again until you answer the 

questions correctly. You may ask questions at any time during the demonstration 

round but you may not talk to any of the other participants at any time. 

Please enter the demonstration round now. You will note that if you drag the 

mouse over the parameters in the experiment you will see a window at the bot

tom that further describes these parameters. This will only be available during the 

demonstration round. 

During the demonstration round as well as the experiment you may use the papers 

provided for you to keep track of your individual decisions and to use as scratch paper. 

In addition, please note the price and cost tables provided for you. 
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FIGURE A.2. Growth Function Graph: Experiment 



Period 
1 
2 

3 
4 
5 

Residual 
Calculation S 10.00 $ 5.00 

Note: You will not be paid for your performance in the 
demonstration rounds. 

Price per unit harvest Cost per vessel 

$ 14.19 $ 7.10 
$ 13.23 $ 6.62 
$ 12.34 S 6.17 
$ 11.50 $ 5.75 
$ 10.73 $ 5.36 

TABLE A.l. Price and Cost : Demonstration Round (5 periods) 

Period Location 1 Location 2 Location 3 

l| 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

TABLE A.2. Vessel Record Sheet (Demonstration Round) 
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Period 
1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Residual 
Calculation 

All dollars are experimental dollars 
Conversion rate is 1 (exp $) = $0.0025 

Price per unit liarvest Cost per vessel 
$ 231.77 $ 127.47 
$ 216.10 $ 118.85 
$ 201.49 $ 110.82 
$ 187.87 $ 103.33 
$ 175.17 $ 96.34 
$ 163.32 $ 89.83 
$ 152.28 $ 83.75 
$ 141.99 $ 78.09 
$ 132.39 $ 72.81 
$ 123.44 $ 67.89 
$ 115.09 $ 63.30 
$ 107.31 $ 59.02 
$ 100.06 $ 55.03 
$ 93.29 $ 51.31 
$ 86.98 $ 47.84 
$ 81.10 $ 44.61 
$ 75.62 $ 41.59 
$ 70.51 $ 38.78 
$ 65.74 $ 36.16 
$ 61.30 $ 33.71 
$ 57.15 $ 31.43 
$ 53.29 $ 29.31 
$ 49.69 $ 27.33 
$ 46.33 $ 25.48 
$ 43.20 $ 23.76 
$ 40.28 $ 22.15 
$ 37.55 $ 20.65 
$ 35.01 $ 19.26 
$ 32.65 $ 17.96 
$ 30.44 $ 16.74 
$ 28.38 $ 15.61 
$ 26.46 $ 14.55 
$ 24.67 $ 13.57 
$ 23.01 $ 12.65 
$ 21.45 $ 11.80 

$ 20.00 $ 11.00 

TABLE A.3. Price and Cost : Experiment (35 periods) 
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Period Price per unit harvest Cost per vessel 
1 $ 231.77 $ 110.09 
2 $ 216.10 $ 102.65 
3 $ 201.49 $ 95.71 
4 $ 187.87 $ 89.24 
5 $ 175.17 $ 83.20 
6 $ 163.32 $ 77.58 
7 $ 152.28 $ 72.33 
8 $ 141.99 $ 67.44 
9 $ 132.39 $ 62.88 

10 $ 123.44 $ 58.63 
11 $ 115.09 $ 54.67 
12 $ 107.31 $ 50.97 
13 $ 100.06 $ 47.53 
14 $ 93.29 $ 44.31 
15 $ 86.98 $ 41.32 
16 $ 81.10 $ 38.52 
17 $ 75.62 $ 35.92 
18 $ 70.51 $ 33.49 
19 $ 65.74 $ 31.23 
20 $ 61.30 $ 29.12 
21 $ 57.15 $ 27.15 
22 $ 53.29 $ 25.31 
23 $ 49.69 $ 23.60 
24 $ 46.33 $ 22.01 
25 $ 43.20 $ 20.52 
26 $ 40.28 $ 19.13 
27 $ 37.55 $ 17.84 
28 $ 35.01 $ 16.63 
29 $ 32.65 $ 15.51 
30 $ 30.44 $ 14.46 
31 S 28.38 $ 13.48 
32 $ 26.46 $ 12.57 
33 $ 24.67 $ 11.72 
34 $ 23.01 $ 10.93 
35 $ 21.45 $ 10.19 

Residual 
Calculation 20.00 9.50 

All dollars are experimental dollars 
Conversion rate is 1(exp$)=$0.0025 

TABLE A.4. Price and Cost : Experiment (35 periods) Fully-Integrated 
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Period Location 1 Location 2 Location 3 

1[ I I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
1 3 
1 4 
1 5 
1 6 
1 7 
1 8 
1 9 
2 0 

21 
22 
2 3 
2 4 
2 5 
2 6 
2 7 
2 8 
2 9 
3 0 
3 1 
3 2 
3 3 
3 4 
35 

TABLE A.5. Vessel Record Sheet for Experiment 



153 

Appendix B 

INSTRUCTIONS FOR DECISION MAKING IN PATCHY 
RESOURCE ENVIRONMENTS - SESSION TWO 

B.l Introduction 

You are about to begin the second session of an economics experiment analyzing 

decision making in patchy resource environments. The difference between today's 

session and the earher session is that now you will be competing with two other 

individuals in an interactive patchy resource environment identical to what you 

participated in earlier. You must be able to answer the following four questions 

before you begin the experiment. 

1.) What decisions will I be making? 

2.) How is a patchy resource environment characterized? 

3.) How does the biomass in a given location change? 

4.) How are my profits calculated? 

B.2 What decisions will I be making? 

In this experiment you will be asked to decide how many fishing vessels you want 

to have harvest in three potential fishing locations. Your period harvest for each of 

the three locations will be determined by three factors: your catch percentage rate, 

the available biomass in a location and the number of competing vessels in the area. 

Your catch percentage rate is indicated on the Experimental Parameters page 

which will be shown to you prior to beginning the experiment and can be viewed again 

during the vessel allocation phase by clicking on the button in the upper left corner 

labelled 'review the parameters'. The available biomass in a location is indicated to 

the right of your vessel decisions and is determined based upon your and the group's 
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previous decisions (this will be described in the growth description). Therefore, if 

your catch percentage rate is 20 percent, the available biomass is 10 and you allocate 

2.5 vessels to a location, then your harvest for that location is determined as follows. 

Harvest = 0.20(catch percentage rate)*10 (available biomass)*2.5(Number of ves

sels in location) = 5 

The number of competing vessels will affect your harvest in the case that the 

total allocated (the sum of vessels for all three participants) to a location exceeds 

the available catch in that location. For instance, if the subject A allocates 2 vessels 

to location one, subject B allocates 3 vessels to location one, subject C allocates 10 

vessels to location one and the catch percentage rate is 10 percent the total allocated 

will exceed the available catch. Therefore, your harvest will be awarded as a fraction 

of the number of vessels you allocated to the region relative to aggregate. In this 

example, that would imply that subject A receives 2/15 of the available biomass, 

subject B receives 3/15 and subject C receives 10/15 of the available biomass. The 

total number of vessels allocated to each location can be viewed during the Catch 

Record page by clicking on the 'view the vessel history' button. 

(Note: Your vessel decisions do not need to be integers, you can allocate 

fractions of a vessel as w^ell, for instance you can allocate 7.895 vessels to 

an allocation.) 

B.3 How is a patchy-resource environment characterized? 

A patchy resource environment is characterized by the migration of biomass from 

one location to another. On the Experimental Parameters page there is a diagram 

illustrating the percentage of the biomass that migrates from one location to another. 

In addition, the flow percentages are indicated to the right. For instance, if the 

biomass flow from 1 to 3 is 50 percent then that indicates that 50 percent of the 

available biomass will migrate from location 1 to location 3 in the next period. This 
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diagram can be viewed during your vessel allocation phase by clicking on the button 

in the upper left corner labelled 'review the parameters'. 

B.4 How does the biomass in a given location change? 

There are three components to the rate of change in biomass within a given location. 

They are the growth function, the rate of migration from one location to another and 

the group's harvest. 

The biostock growth rate, BGR, and carrying capacity, CC, are used in the 

growth function for the biomass in the three locations. Combined they generate the 

following function for the location specific growth: 

Growth = BGR * (biomass in location)*( 1 - (biomass in location)/CC) 

For instance if the biostock growth rate is 0.6, the carrying capacity is 30, and the 

biomass stock in a given location is 10 then the growth is as follows: 

Growth = 0.6*10*(1 - 10/30) = 4 

Figure B.l depicts the growth within a location using the parameters in the demon

stration round. Another growth curve will be provided at the end of the instructions 

packet using the experimental parameters for reference. 

(Note: The demonstration round is identical to that used in the first 

session of the experiment. It will be an individual decision making environ

ment that you may use to re-familiarize yourself with the patchy resource 

environment. Once, the 35 period experimental session begins you will be 

paired with two other individuals.) 

In addition to the growth within a given location a location's population will 

increase/decrease based on the flow of biomass and the group's harvest . The way 

that this is calculated in the experiment is as follows, 

Bt+i = Bt + (Growth)t + (Flow from other locations)t - (Flow out of location)t 

-( Total Harvest)t 
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Growth for BGR=0.6 and CC=30 
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where -St+i is the biomass in a location in the next time period, Bt is the biomass 

in that location for the current time period, (Growth)t is the location specific growth 

that is determined by the biomass in that location, (Flow from surrounding locations)t 

is the incoming flow from the surrounding locations in the current time period, (Flow 

out of location)( is the flow out of a given location and (Total Harvest)^ is the 

group's harvest from that location in the current time period. Therefore, if the 

biomass in locations 1, 2 and 3 is 10, the growth in location 1 is 2, the flow of biomass 

from 2 to 1 is 10 percent, the flow of biomass from 3 to 1 is 20 percent, the flow out 

from location 1 to 2 and 3 is 5 percent, and the group's harvest in the current period 

is 4, then the biomass for location one in the next period is as follows, 

Bt+i = 10 + 2 + (0.10)*10 + (0.20)*10 - 2*(0.05)*10 - 4 = 10 

This equation is how the total biomass change is determined in each period. It is 

the sum of the individual location's growth and the net migration from the locations 

minus the group's harvest. 

(Note: Harvest is now in terms of the group total.) 

B.5 How are my profits calculated? 

Your profits are calculated by multiplying the price per a unit of harvest given to 

you in the experimental parameters by the number of units that you harvested and 

subtracting the costs that you incurred for fishing in a location. The costs you incur 

are calculated by multiplying the number of vessels that you allocated to a given 

location by the cost per a vessel. For instance, if the price per a unit of harvest is 

20.50 and you harvested 2.25 units using 1.5 vessels at a per unit cost of 12, your 

profits for that period will be as follows: 

Profits = 20.50*2.25 - 12*1.5 = 28.125 (this is in experimental dollars) 

Each period's profit is calculated in experimental dollars with a conversion rate 

of 1 experimental dollar equals 0.01 U.S. dollars. Your profits for each period will be 
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summed up as you progress through the experiment. 

(Note: The price per a unit of fish caught and the cost per a vessel do 

not remain constant throughout the experiment. Please refer to the table 

in the back of this packet to see how the price and costs change) 

B.6 End of instructions 

This concludes the explanation of the four important components that will help 

you make your decisions within this experiment. Please note that no residual re

source value will be awarded in this session of the experiment. At this time you will 

enter the 5 period non-interactive demonstration round where you can practice your 

understanding of the system. You may participate in the demonstration round as 

many times as you wish. You will be asked whether or not you wish to participate in 

the demonstration round again at its conclusion. In addition, before you may enter 

the 35 interactive periods of the experiment you must answer 3 questions correctly. 

If you do not answer these questions correctly, you will be prompted to re-enter the 

demonstration round again until you answer the questions correctly. You may ask 

questions at any time during the demonstration round but you may not talk to any 

of the other participants at any time. 

Please enter the demonstration round now. You will note that if you drag the 

mouse over the parameters in the experiment you will see a window at the bot

tom that further describes these parameters. This will only be available during the 

demonstration round. 

During the demonstration round as well as the experiment you may use the papers 

provided for you to keep track of your individual decisions and to use as scratch paper. 

In addition, please note the price and cost tables provided for you. 
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FIGURE B.2. Growth Function Graph: Experiment 



Period 
1 
2 
3 
4 
5 

Residual 
Calculation $ 10.00 $ 5.00 

Note: You will not be paid for your performance in tiie 
demonstration rounds. 

Price per unit harvest Cost per vessel 
$ 14.19 $ 7.10 
$ 13.23 $ 6.62 
$ 12.34 $ 6.17 
$ 11.50 $ 5.75 
$ 10.73 $ 5.36 

TABLE B.l. Price and Cost : Demonstration Round (5 periods) 

Period Location 1 Location 2 Location 3 
iF 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

TABLE B.2. Vessel Record Sheet (Demonstration Round) 



Period Price per unit harvest Cost per vessel 
1 $ 231.77 $ 127.47 
2 $ 216.10 $ 118.85 
3 $ 201.49 $ 110.82 
4 $ 187.87 $ 103.33 
5 $ 175.17 $ 96.34 
6 $ 163.32 $ 89.83 
7 $ 152.28 $ 83.75 
8 $ 141.99 S 78.09 
9 $ 132.39 $ 72.81 

10 $ 123.44 S 67.89 
11 $ 115.09 $ 63.30 
12 $ 107.31 $ 59.02 
13 $ 100.06 $ 55.03 
14 $ 93.29 $ 51.31 
15 $ 86.98 $ 47.84 
16 $ 81.10 $ 44.61 
17 $ 75.62 $ 41.59 
18 $ 70.51 3 38.78 
19 $ 65.74 $ 36.16 
20 $ 61.30 $ 33.71 
21 $ 57.15 $ 31.43 
22 $ 53.29 $ 29.31 
23 $ 49.69 $ 27.33 
24 $ 46.33 $ 25.48 
25 $ 43.20 $ 23.76 
26 $ 40.28 $ 22.15 
27 $ 37.55 $ 20.65 
28 $ 35.01 $ 19.26 
29 $ 32.65 $ 17.96 
30 $ 30.44 $ 16.74 
31 $ 28.38 $ 15.61 
32 $ 26.46 $ 14.55 
33 $ 24.67 $ 13.57 
34 $ 23.01 $ 12.65 
35 $ 21.45 $ 11.80 

Ail dollars are experimental dollars 
Conversion rate is 1(exp $) = $0.01 

TABLE B.3. Price and Cost : Experiment (35 periods) 



1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Price per unit harvest Cost per vessel 
$ 231.77 $ 110.09 
$ 216.10 $ 102.65 
$ 201.49 $ 95.71 
$ 187.87 S 89.24 
$ 175.17 $ 83.20 
$ 163.32 $ 77.58 
$ 152.28 $ 72.33 
$ 141.99 $ 67.44 
$ 132.39 $ 62.88 
$ 123.44 $ 58.63 
$ 115.09 $ 54.67 
$ 107.31 $ 50.97 
$ 100.06 $ 47.53 
$ 93.29 $ 44.31 
$ 86.98 $ 41.32 
$ 81.10 $ 38.52 
$ 75.62 $ 35.92 
$ 70.51 $ 33.49 
$ 65.74 $ 31.23 
$ 61.30 $ 29.12 
$ 57.15 $ 27.15 
$ 53.29 $ 25.31 
$ 49.69 $ 23.60 
$ 46.33 $ 22.01 
$ 43.20 $ 20.52 
$ 40.28 $ 19.13 
$ 37.55 $ 17.84 
$ 35.01 $ 16.63 
$ 32.65 $ 15.51 
$ 30.44 $ 14.46 
$ 28.38 $ 13.48 
$ 26.46 $ 12.57 
$ 24.67 $ 11.72 
$ 23.01 $ 10.93 
$ 21.45 $ 10.19 

experimental dollars 
te Is 1(exp$)=$0.01 

and Cost : Experiment (35 periods) Fully-Integrated 
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Period Location 1 Location 2 Location 3 
1| 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3 
1 4 
1 5 
1 6 
1 7 
1 8 
1 9 
2 0 
21 

22 
2 3 
2 4 
2 5 
2 6 
2 7 
2 8 
2 9 
3 0 
3 1 
3 2 
3 3 
3 4 
35 

TABLE B.5. Vessel Record Sheet for Experiment 
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Appendix C 

VARIABLES USED IN SPATIAL HECKIT 

C.l Variable Description 

The following provides a description of the variables used in the estimation proce

dure and the sources from which they were obtained. 

Hijt- The aggregate hauls for a given vessel group classification.(NOAA) 

CPijt'. A dummy variable for a catcher-processor vessel group.(NOAA) 

CVijt'. A dummy variable for a catcher-vessel vessel group.(NOAA) 

Lijt- A dummy variable for a large class vessel group.( > 125 feet)(NOAA) 

Mijt- A dummy variable for a medium class vessel group.(99-124 feet)(NOAA) 

Sijt- A dummy variable for a small class vessel group.(< 99 feet)(NOAA) 

DumCVMijt.  A dummy variable created by crossing CVijt with Mijt.  

NPTijt'. A dummy variable for whether or not the vessel group used non-pelagic 

trawl gear. (NOAA) 

BTRijt. A dummy variable for whether or not a vessel group used a bottom 

trawl. (NOAA) 

PTRijt: A dummy variable for whether or not a vessel group used pelagic trawl 

gear. (NOAA) 

HALijt.  A dummy variable for whether or not a vessel group used hook and line 

gear. (NOAA) 

POTijt ' .  A dummy variable for whether or not a vessel group used pot vessels for 

gear. (NOAA) 

JIGijt.  A dummy variable for whether or not a vessel group used jigs as gear. (NOAA) 

REGIONl : A dummy variable for the region 1 classification of the Eastern Bering 

Sea(NMFS) 
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REGI0N2 : A dummy variable for the region 2 classification of the Eastern Bering 

Sea(NMFS) 

REGIONS: A dummy variable for the region 3 classification of the Eastern Bering 

Sea(NMFS) 

REGION A'. A dummy variable for the region 4 classification of the Eastern Bering 

Sea(NMFS) 

REGI0N5: A dummy variable for the region 5 classification of the Eastern Bering 

Sea(NMFS) 

REGI0N6: A dummy variable for the region 6 classification of the Eastern Bering 

Sea(NMFS) 

Duml995: A year dummy for 1995. 

Duml996: A year dummy for 1996. 

Duml997: A year dummy for 1997. 

Duml998: A year dummy for 1998. 

Duml999: A year dummy for 1999. 

XCOORDijt. The X-Coordinate that observation ijt was observed.(Nautical 

Maps and ADFG Stat Areas) 

YCOORDijt'. The Y-Coordinate that observation ijt was observed. (Nautical 

Maps and ADFG Stat Areas) 

MAXDEPTHi'. The maximum depth in location i(Nautical Maps with Bathy-

metric Measurements) 

MINDEPTHi'. The minimum depth in location ^(Nautical Maps with Bathy-

metric Measurements) 

BIOMASSijt'. The biomass estimate for observation ijt. (NMFS) 

LAGBIOMASSijt'. The lagged biomass estimate for observation ijt. (NMFS) 

IMRijt- The inverse-mills ratio constructed from the selection equation. 
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C.2 Observation Matrices 

The following is a list of the variables included in the spatial Heckit model. 

yellowfin sole: 

xiijt: CVijt, Mijt, DumCVMijt, NPT^t, BTRijt, REGIONl, REGI0N2, REGIONS, 

REGIONA, Duml995, Duml996, Duml997, Duml998, Duml999, BIOMASSijt, 

LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi 

X2ijt- BIOMASSijt, LAG BIOMASSijt, MAXDEPTHi, MINDEPTHi, HAULSijt 

Ziijt- GVijt, Mijt, NPTijt, BTRijt, REGIONl, REGI0N2, REGIONS, REGIONA, 

Duml995, Duml996, DuTnl997, Duml998, Duml999, BIOMASSijt, LAGBIOMASSijt, 

MAXDEPTHi, MINDEPTHi, IMRijt 

Z2ijt- BIOMASSijt, LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi, HAULSijt 

Pacific cod: 

CPijt, Lijt, DwmCVMijt, NPTijt, BTRijt, HALijt, POTijt, REGIONS, 

REGIONA, REGIONS, REGIONS, Duml99b, Duml99&, Duml997, Duml998, 

Duml999, BIOMASSijt, LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi 

X2ijt- BIOMASSijt, LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi, HAULSijt 

Z\ijt'- GPijt, Lijt, NPTijt, BTRijt, HALijt, POTijt, REGIONS, REGIONA, 

REGIONS, REGIONS, Duml995, Duml996, Duml997, Duml998, Duml999, 

BIOMASSijt, LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi, IMRijt 

Z2ijt. BIOMASSijt, LAGBIOMASSijt, MAXDEPTHi, MINDEPTHi, HAULSijt 
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