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In this dissertation I examine how environmental and anthropogenic factors

and autocorrelated disturbances affect the dynamics of an exploited renewable re-

source. The analysis focuses on Long Island Sound (US) for which environmental

factors play an important role. This objective is addressed first by investigating the

relative importance of high temperatures, low dissolved oxygen, and overexploita-

tion in the die-off experienced by the fishery after the fall of 1999. Second, I analyze

the effects of temporally correlated environmental disturbances on the stationary

distribution of the dynamics of a harvested population with an application to the

LIS lobster fishery.

In the fall of 1999, the American lobster population in Long Island Sound

experienced a significant die-off. Biologists attributed the cause to a period of pro-

longed high temperatures that in concert with hypoxia suppressed lobsters’ immune

system making them more susceptible to diseases and infections. The relative im-



portance of environmental factors like high temperatures and anthropogenic factors

like overfishing and hypoxia is investigated. Data from annual trawl surveys and the

fishing industry are combined to construct a model of lobster population dynamics

and fishing effort. The model is used to investigate the relative importance of high

temperatures, low dissolved oxygen, and incentives for more intensive fishing effort

experienced in 1999. Simulations show that low dissolved oxygen and economically

induced fishing pressure were the major factor underlying the die-off. These results

indicate that stricter regulations of nutrient emissions and resolving institutional

failure may be the most effective way to protect fisheries like the Long Island Sound

lobster fishery. Furthermore, to mitigate the effects of global climate change, it may

be advisable to impose stricter regulations of nutrient emissions in anticipation of

more acute episodes of hypoxia.

Standard models of renewable resource allocation under uncertainty typi-

cally assume that environmental disturbances are identically and independently dis-

tributed. When weather patterns impact environmental conditions, shocks may be

serially correlated. This serial correlation has implications for the long run conser-

vation of harvested renewable resources. This issue is analyzed by investigating the

dynamics of a harvested, open-access renewable resource whose productivity is influ-

enced by serially correlated random environmental disturbances. The main question

that is addressed is: how does the expected value of stock escapement depends on

the parameters that determine the distribution of environmental shocks? In answer-

ing this question I also characterize how the maximum and minimum escapement

policy functions depend on these parameters.



An application of the conceptual framework to the American lobster fishery of

Long Island Sound is used to analyze these issues qualitatively and quantitatively.

In the application, the model is parameterized using an econometric model of popu-

lation dynamics for the Long Island Sound lobster fishery. Results show that shocks

are negative correlated and transient so a high current productivity shock decreases

the probability of high future shocks. Further, the results suggest that population

variability is increasing in the degree of autocorrelation of the random shocks as

well as the underline uncertainty of the environmental disturbances. As a result,

population may experience ample fluctuations which could increase the likelihood

of extinction. This suggests the adoption of management strategies that focus on

maintaining a minimum population level and increasing the stability of the natural

resource in the face of environmental variability.
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Chapter 1

Introduction

Coastal marine ecosystems provide goods and services that are critical to coastal

communities. However, they are vulnerable to the influence of both anthropogenic

and natural disturbances. Factors such as freshwater runoff, water temperature,

erosion, pollution, and overfishing, etc., contribute to degrading coastal habitats,

undermining the services the coastal marine ecosystem can provide (Caddy, 2000).

High water temperature and oxygen concentration are important factors for

coastal marine ecosystems and their natural resources in particular. Oxygen deple-

tion has long been considered a problem for many coastal fisheries (e.g., Caddy, 2000;

Breitburg, 2002). Low dissolved oxygen concentration results from nutrient over-

enrichment, particularly in coastal waters or semi–enclosed areas. When enrichment

reaches high levels, it can lead to eutrophic events that cause habitat modification,

algae blooms, fish kills, and other conditions which negatively affect fisheries’ pro-

duction. High water temperature impacts fish mortality both directly and indirectly

through its interaction with oxygen. Increasing temperature decreases oxygen sol-

ubility and increases oxygen requirements (e.g., respiration), intensifying oxygen

depletion and reducing habitat suitability (Breitburg, 2002; Pörtner and Langen-

buch, 2005). Also, extreme weather events may induce sudden surges of nutrient

pollution due to storm water runoff.
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The potential effects of climate change on fisheries constitute a particular

concern (e.g., Cochrane et al, 2009; McCarthy et al, 2009). Although climate change

may occur over long periods, its effects on the physical environment are felt in

shorter time-scales, with major consequences on marine ecosystems and fish stocks

in particular (Brander, 2010). Global warming has been reported to have severe

consequences on marine ecosystems by influencing the distribution and abundance

of fish stocks (Perry et al, 2005), altering thermal stratification and preventing

nutrient upwelling (Drinkwater et al, 2010), or decreasing the physiological capacity

of marine species, especially for species that are already closer to their thermal limits

(Pörtner and Knust, 2007; Drinkwater et al, 2009). Some scientists also believe that

the influence of global warming could exacerbate existing stressing factors (Scavia

et al, 2002; Harley et al, 2006). In particular, interacting with dissolved oxygen

higher temperatures could extend and intensify the occurrence of seasonal hypoxic

events (e.g., Rabalais et al, 2009) by increasing pollution loadings land water column

stratification (Diaz and Rosenberg, 2008).

Renewable resources like fish populations can also fluctuate randomly due to

the influence of unpredictable environmental variability. Standard models of re-

newable resource allocation under uncertainty typically assume that environmental

disturbances are identically and independently distributed (e.g., Reed, 1979; Jo-

hannesen and Skonhoft, 2009). This means that each disturbance has the same

probability distribution and shocks are not correlated over time. When fluctuations

are due to climatic variability, e.g., weather patterns, random fluctuations can be

correlated over time, creating temporal correlation in the stochastic fluctuations of
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the dynamics of natural populations.

As discussed in the scientific literature (e.g., Ripa and Lundberg, 1996; Petchey

and Wilson, 1997; Wilmers et al, 2007), the consequences of temporal correlation on

populations are essentially two. First, assuming uncorrelated (i.i.d.) environmental

noise can lead to obtaining biased estimates of the risk of extinction (Halley, 1996).

Second, depending on the type and the magnitude, temporal correlation increases or

decreases the risk of extinction. For example, positive correlation increases the like-

lihood of consecutive years of favorable or unfavorable conditions, so perturbations

may accumulate overtime, leading to large population fluctuations (Wilmers et al,

2007). Therefore, serial correlation has implications for the long run conservation

of harvested renewable resources.

Commercial coastal fisheries are not dependent on habitat alone. When prop-

erty rights are not assigned, like open-access, and fishermen do not consider the

consequences of their actions for the stock of the natural resource, fishing pres-

sure may lead to severe overexploitation (Berck, 1979). Even when overfishing is

secondary, its synergy with other disturbances has the potential to exacerbate its

negative effects on an already fragile ecosystem (Caddy, 2000). For instance, large

environmental variability could conceal the status of overexploitation until it is too

severe to intervene (Ludwig et al, 1993). Furthermore, fishing pressure can be par-

ticularly harmful if reductions in natural productivity due to environmental factors

are not balanced by a corresponding reduction in harvest rate (McCarthy et al,

2009, p.352). This is especially important for species that are particularly sensitive

to environmental disturbances.
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This dissertation examines how environmental and anthropogenic factors and

autocorrelated disturbances affect the dynamics of an exploited renewable resource.

The analysis focuses on Long Island Sound (US), for which environmental factors

play an important role. This objective is addressed by first investigating the relative

importance of high temperatures, low dissolved oxygen, and overexploitation in the

die–off experiences by the fishery after the fall of 1999. Second, I analyze the effects

of temporally correlated environmental disturbances on the stationary distribution

of the dynamics of a harvested population with an application to the LIS lobster

fishery.

The next three chapters, summarized below, address these issues by investigat-

ing the role that environmental and anthropogenic perturbations have on the wealth

of a natural resource and the industry that exploits it as well as developing an un-

derstanding of how populations respond to autocorrelated stochastic environmental

disturbances.

In chapter 2, I investigate the determinants of the collapse of a local fishery,

the American lobster (Homarus americanus) fishery of Long Island Sound (LIS). In

the fall of 1999, the American lobster population in Long Island Sound experienced

a significant die-off. Biologists studying this population attributed the die-off to

a period of prolonged high temperatures, which caused stress due to disease and

infection that the lobsters, whose immune systems had been compromised by low

dissolved oxygen in the Sound, were unable to handle. This explanation ignores

the role of anthropogenic factors, notably the potential roles of overfishing due to

the open–access conditions under which the lobster population is exploited and of
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nutrient discharges causing hypoxic conditions in the Sound. Given this synergistic

relationship between multiple stressors, identifying the effects of each factor is a

challenging task.

In this chapter, I investigate the relative importance of uncontrollable envi-

ronmental factors like high temperatures and anthropogenic factors like overfishing

and hypoxia in the 1999 die-off. I combine data from annual trawl surveys and

the fishing industry to construct a combined model of lobster population dynam-

ics and fishing effort. I use the model to examine the relative importance of high

temperatures, low dissolved oxygen, and incentives for more intensive fishing effort

experienced in the Sound in 1999.

Then, predictions obtained by simulating different levels for the exogenous

causative variables, i.e., temperature stress, low dissolved oxygen, and economic

conditions that resulted in greater fishing pressure, are compared to the predictions

from what is observed in the data to assess the impact of environmental and eco-

nomic factors on the natural resource and the fishing industry. The simulations

show that low dissolved oxygen and economically induced fishing pressure were the

major factors underlying the die–off. These results indicate that stricter regulation

of nutrient emissions and resolving the institutional failure may be the most effective

way to protect fisheries like the Long Island Sound lobster fishery.

In chapter 3, I investigate the dynamics of a harvested, open-access renewable

resource whose productivity is influenced by serially correlated random environ-

mental disturbances. The main question addressed in the paper is: how does the

expected value of stock escapement depends on the parameters that determine the
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distribution of environmental shocks? In answering this question I also character-

ize how the maximum and minimum escapement policy functions depend on these

parameters. Specifically, I investigate analytically how the long run expected value

and the range of variation of stock escapement depend on the parameters that de-

termine the distribution of autocorrelated environmental shocks. Finally, I discuss

how changes in the determinants of the autocorrelated shock influence the stationary

(limiting) escapement policy.

An application of the conceptual framework to the American lobster fishery

of Long Island Sound is used in chapter 4 to address these issues qualitatively and

quantitatively. Specifically, I examine how permanent changes in the degree of au-

tocorrelation, as well as mean and variance of the uncorrelated shocks, influence

escapement in the long run. The model is parameterized using an econometric

model of population dynamics for the Long Island Sound lobster fishery. Shocks are

negative correlated and transient, so a high current productivity shock decreases

the probability of high future shocks. The results suggest that population vari-

ability is increasing in both the degree of autocorrelation of the random shocks, as

well as the underlying uncertainty of the environmental disturbances. The conclu-

sions provide useful information regarding how serial correlation in environmental

disturbances impacts the conservation of a de–facto open–access resource like the

American lobster fishery of Long Island Sound.

The last chapter presents some concluding remarks.
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Chapter 2

Analysis of the Determinants of Stock Collapse: An Application to

the American Lobster Fishery of Long Island Sound

2.1 Introduction

In 1999, American lobsters (Homarus americanus) experienced an unprecedented

and severe die-off into Long Island Sound (LIS). In the fall of that year, the tropical

storm Floyd brought in the LIS region strong winds and large amounts of freshwater

moving warm water from the surface to the bottom of the water column. The biol-

ogists believed that the increased water temperature in the bottom layers combined

with the occurrence of hypoxia weakened the immune system of lobsters making

them unable to fight off the infection of a parasite.

This event inspired several research projects aimed at explaining the causes

of the die-off. Factors such as anthropogenic and environmental stressors, as well

as diseases were investigated. While the direct cause of mortality was attributed to

the parasite infection, the general consensus among scientists is that a combination

of environmental factors triggered this mortality event with temperature playing a

key role. They believed that the virulence of the infection outbreak was augmented

by a prolonged exposure to high water temperature and hypoxia both of which

suppressed lobsters’ immune system and made them more susceptible to infection
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(Pearce and Balcom, 2005; Howell et al, 2005; Wilson and Swanson, 2005).

Although scientists attribute the die-off to environmental stressors, i.e., tem-

perature and hypoxia, fishing pressure could also have played an important role.

In particular, high fishing pressure due to the inefficient management of the fishery

may have led to population depletion. Given the available data, at first glance it

is unclear what exactly caused the mortality experienced by the LIS lobster fishery.

High temperature occurred in years other than 1999; dissolved oxygen had been

stable in most of the observed period, showing a consistent drop only in 2002; lastly,

fishing effort steadily increased up until 2000, after which, as a response to the col-

lapse, policies were implemented to reduce it. Although combination of these factors

possibly led to the collapse, the individual importance of each factor is unclear.

Pollution due to human activities likely accelerates the occurrence of seasonal

hypoxia which leads to habitat degradation (Diaz and Rosenberg, 1995). Low con-

centration of dissolved oxygen is a general problem in estuaries with shallow water,

especially in coastal areas of the United States and Long Island Sound (e.g. Parker

and O’Reilly, 1991; Lee and Lwiza, 2008). This effect intensifies with high water

temperature because of the negative correlation between temperature and the con-

centration of dissolved oxygen of the bottom layer (e.g. Hull et al, 2008; Lee and

Lwiza, 2008). The lack of effective fishery regulations may have also contributed

to the collapse. In this chapter I investigate the role of environmental and anthro-

pogenic factors in the collapse of the Long Island Sound American lobster fishery.

Together with temperature, which has been indicated to be the main limiting factor

for lobster population, I also consider the possible effect that hypoxia and fishing
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pressure could potentially have had on lobster mortality. The objective is therefore

to determine if the collapse can be attributed solely to temperature, or if dissolved

oxygen and overfishing also played an important role.

The methodology is based on a simple econometric model which is comprised

of two components. The first describes the biology of the lobster population as

a multistage model. The population is divided into three cohorts having separate

but linked dynamics that are specified according to the characteristics of the lob-

ster population of Long Island Sound. The second component illustrates the entry

dynamics of traps used in the fishing industry. Fishing effort (entry) adjusts over

time according to lobster biomass and economic factors. Fishermen will apply more

effort when lobster biomass is more abundant. It is also expected that fishing effort

is more intense for higher lobster prices, while effort should respond negatively to

increases in fishing costs.

The estimated parameters of the model are used to examine the effects on lob-

ster population and the fishery of each of the factors potentially responsible for the

die-off: high water temperature, low dissolved oxygen, and fishing pressure induced

by favorable economic condition. This is done by first obtaining predictions for each

size class (cohort) of lobster population, traps, and harvest given the observed data

on the environmental and economic factors. These predictions establish the baseline

used as a reference. Then, different predictions are obtained for the outcome vari-

ables by simulating the responsiveness of entry in the industry to different levels for

the exogenous variables. These predictions are compared to the baseline to assess

the impact the environmental and economic factors have on the natural resource

9



and the fishing industry.

Results indicate that while extreme water temperature does not seem to strongly

affect the abundance of the lobster population and its fishery, dissolved oxygen and

economic conditions do play a major role. In particular, the simulations show that

high water temperature has generally a very small impact, although it influences the

dynamics of the adult population. Instead simulations point out that the lobster

population is particularly sensitive to oxygen concentration which affects the adult

population through its effect on reproduction. This seems to confirm the results

usually found in the lab experiments, but not in the open sea where lobsters are

found to be more tolerant to hypoxia because of the demonstrated ability to avoid

areas of low dissolved oxygen (Howell and Simpson, 1994). Finally, harvest is highly

sensitive to economic conditions through their influence on trap–use.

The chapter is organized as follows. The next section presents an introduction

to the American lobster fishery of Long Island Sound and some biological facts

about the species. Then, the estimation of the dynamics of lobster population

and the fishery strategy is presented. Next, the role of environmental factors and

overfishing in the collapse of the lobster fishing are investigated. Finally, the last

section presents some concluding remarks.

2.2 The Long Island Sound American lobster fishery

The American lobster is distributed along the entire northwest Atlantic Ocean and

its adjacent inshore waters from Newfoundland through South Carolina. During
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their life cycle, lobsters undergo four main phases. After spawning, lobsters develop

into larvae which after forty days settle on the bottom of the ocean becoming settlers.

Then, lobsters grow into juveniles or immature lobsters. Finally, juveniles develop

into adults and achieve functional maturity. It takes up to seven years for a larva

to reach legal-size (e.g., Fogarty and Idoine, 1986; Caddy, 1986).

Lobsters grow by dropping their shell and absorbing water (molting); for ju-

venile and larger individuals molting takes place in the summer. The typical re-

productive cycle of female lobsters lasts for about two years. However, since Long

Island Sound is close to the southern limit of the American lobster distribution, its

population presents characteristics different from the average. For example, spawn-

ing and molting in the same summer is not unusual for the area because of the

warm water temperature (Briggs and McGroarty, 1985; Comeau and Savoie, 1985).

With warmer temperature, molting frequency increases and maturity is reached at

shorter carapace length (between 71 and 74 mm) (Templeman, 1936; Waddy et al,

1995).1 For instance, the American lobster in the southern Gulf of St. Lawrence

(Canada), Fogarty and Idoine (1986) find evidence of recruitment to the fishery 5-7

years later. It is reasonable to assume that lobsters of LIS will reach legal-size in

the same amount of time (5-7 years) because conditions of the southern Gulf of St.

Lawrence are comparable to conditions of LIS.

Anthropogenic changes, temperature, salinity, dissolved oxygen, wind and

currents, and predation are all factors influencing larval distribution and survival

(MacKenzie and Moring, 1985; Aiken and Waddy, 1986; Ennis, 1995; Caddy, 1986).

1The annual molt increment is of about 11 mm (ASMFC, 2006, page 33).
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In particular, temperature and oxygen concentration seem to be the most important

factors (e.g. McLeese, 1956; Howell et al, 2005; Valente and Cuomo, 2005). Tolerance

to even moderately high temperature declines as optimal dissolved oxygen decrease

and when high temperature is coupled with low dissolved oxygen lobsters become

physiologically stressed due to the influence on heart and respiratory rate. Respi-

ration can also become problematic when such conditions become associated with

the release of sulfides and ammonia from enriched sediments (Robohm et al, 2005).

This type of environment can be lethal for lobster. With this regard, a distinct

thermal threshold exists for the southern lobster at 20.5℃ (ASMFC, 2009, p.25). In

fact, the highest mortality of lobsters in LIS is observed when coupled with low con-

centrations of dissolved oxygen, water temperature exceeds the threshold of 20.5℃

(Howell et al, 2005). Furthermore, low dissolved oxygen concentration and high

temperatures make lobsters more susceptible to predators and render them unable

to fight off infections and diseases (Valente and Cuomo, 2005; Balcom and Howell,

2006).2

Long Island Sound (LIS) is a semi-enclosed estuary located in the eastern

United States bordered by the States of Connecticut and New York. It has a surface

area of approximately 1,320 square miles. The Sound is 125 miles long, 25 miles at

its widest point and has an average depth of 63 feet.

The American lobster fishery is a valuable and traditional industry for Long

Island Sound. Lobsters were first harvested in the early 1800’s, but only in the last

2In fact, in the stock assessment report, ASMFC adopted higher natural mortality rates to
account for the different habitat characteristics for the population of Long Island Sound (ASMFC,
2009, p.17). For example, the assumed value for the period 1998–2007 was increased by 50%
(ASMFC, 2009, p.77).
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two decades has expanded across the length of the inshore area (Dyer and Allee,

March 2002). Lobsters are fished with baited traps (pots), where the bait is usually

herrings or menhaden. The traps are set from a boat, and after few days are hauled

back on the boat with hydraulic haulers.3 Then, traps are emptied and lobsters

above legal-size are transferred into water tanks for storage, while smaller lobsters

are returned into the ocean.

The Atlantic States Marine Fisheries Commission (ASMFC) manages the

northeastern American lobster fishery in state waters (0-3 miles from shore) while

National Marine Fisheries Service (NMFS) manages federal waters (3-200 miles

from shore) (ASMFC, 2006, 2009). They both operate under the authority of the

Atlantic Coastal Fisheries Cooperative Management Act. The American lobster is

managed under Amendment 3 to the Interstate Fishery Management Plan (FMP)

approved in December 1997 and its subsequent Addenda, I-IX which is designed

to specify a uniform management program (for most regulations) throughout the

American lobster range (ASMFC, 2009). The FMP describes mandated measures

for all states in all areas. Each state must implement the regulations to be consid-

ered in compliance with the FMP and its addendum. However, a state may propose

an alternative management program to the ASMFC’s Lobster Management Board

which, if approved, may be implemented as an alternative regulatory requirements

for compliance (ASMFC, 1997, 2002).

The fishery is divided in three administrative areas: the Gulf of Maine (GOM),

3This allows lobstermen to pull hundreds of pots a day, while in the old times this was done by
hand. Traps may weigh forty pounds and more.
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Georges Bank (GBK), and Southern New England (SNE), the latter of which in-

cludes Long Island Sound. Landings from the Gulf of Maine are the largest con-

tributor to the fishery. It constitutes approximately 76 percent of the U.S. landings

between 1981 and 2007, while Southern New England is the second contributor with

19 percent (ASMFC, 2009, p.21). Long Island Sound accounts for about 30 percent

of Southern New England (ASMFC, 2009, table 6.3.3, p.135)

The Southern New England fleet is composed essentially by small boats (22

and 42 feet) that make daily trips within a short radius of the shoreline (ASMFC,

2009, p.24). The access to the fishery is limited to licensed fishermen only. License

moratoria were introduced by the State of New York and Connecticut in 1995 and

1998, respectively. Since then, no applicants can be issued a license unless they

already hold a license, and the license must be renewed each year. Other regulations

involve a minimum length size of lobsters, standardized shape and material of the

traps, and maximum allowed number of pots that can be fished at any given time.

The minimum size policy requires that only lobsters of length greater than the

minimum size can be legally landed. There is also a maximum legal-size policy.

This makes sure that extremely large lobsters are left in the water to reproduce.

However, in LIS lobsters do not live long enough to grow beyond the maximum

size.4 In some areas, there is also a program designed to protect legal-size female

lobsters carrying eggs, called V-notching. This consists of making an indentation

(notch) on the base of the flipper that is at least 3 mm deep. Under this program,

lobsters are notched and released to mitigate population losses, and notched lobsters

4At September 2009 the maximum carapace length set for Long Island Sound is 133.35 mm.
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cannot be legally landed or held.

In the fall of 1999, the American lobster in Long Island Sound experienced

a significant die-off, particularly in the western part of the Sound. According to

scientists, this was triggered by the tropical storm Floyd that hit the LIS region in

September 1999. According to some researchers (Wilson and Swanson, 2005), 1999

was a unique year in terms of water temperature; July and August temperatures

were the highest of the decade. Thus, biologists believe that prolonged exposure to

high water temperature and low dissolved oxygen suppressed the lobsters’ immune

system making them more susceptible to diseases and infections (Pearce and Balcom,

2005; Balcom and Howell, 2006). Research indicated that the vast majority of dead

lobsters that were examined in 1999 were infected with a parasite, Neoparamoeba

pemaquidensis, that existed in LIS prior to 1999 (Mullen et al, 2005). However, it

is argued that high temperature combined with hypoxia intensified the virulence of

the parasite, making lobsters less able to fight off given their weaken immune system

(Pearce and Balcom, 2005; ASMFC, 2006).

The economic and social consequences for the local fishing industry and lob-

stermen were notable (Balcom and Howell, 2006). Between 1999 and 2000 landings

dropped by more than 50% (figure 2.1, panel 1). This large decrease was driven

mostly by the reduction in landings from the western LIS, a reduction that amounted

to almost 80%. At the end of January 2000, the Secretary of Commerce declared the

lobster fishery in LIS a commercial fishery failure due to resource disaster (Pearce

and Balcom, 2005). By 2003 landings from LIS dropped to 1.4 million lbs. The

viability of the commercial lobster fishery declined to a point where many fishermen
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hauled their pots less frequently or decided to stop fishing at all. By 2006, the

fishery had not recovered.

In response to this collapse, the main management tool undertaken was effort

reduction. In June 2000, the per-trip effort limit established the maximum number

of pots that each fisherman could use. The individual limit depends on historical

participation in the lobster fishery in the area between January 1, 1995 and June

8, 1998 (qualifying period). The trap allocation is based on the maximum number

of pots fisherman reported in their logbooks or by the number of pots indicated

on the license application during the qualifying period, whichever was greater. In

the same period, to facilitate the enforcement of this policy, a trap tag system was

implemented to ensure that each pot has a tag attached carrying an identification

of the owner. Only pots carrying tags can be fished. All regulations are revised as

needed, usually in response to the ASMFC fishery management plan requirement.

All these regulations do not guarantee the efficient management of the fishery

because they do not discourage active fishermen from increasing their race for the

stock. There are no restrictions on catch, e.g., quotas or restrictions on how inten-

sively lobstermen can fish, or on the length of the fishing season, or the number of

trips. Also, despite the introduction of the individual per–trip trap limit in 2002,

there is anecdotal evidence that there is substantial latent capacity in the LIS lobster

fishery (personal communication by Matthew Gates, CTDEP). These facts imply

that it is reasonable to treat the American lobster fishery of Long Island Sound as

operating under a de–facto open-access.

Following the declaration of commercial fishery failure, a trap tags buyback
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program was designed to achieve a double target: (i) provide financial assistance

to lobstermen affected by the collapse and (ii) further reduce fishing effort to help

conserve the lobster population (Balcom and Howell, 2006). NY lobstermen had

until August 31, 2001, to apply to the buyback program. 83,333 tags were bought

back under the NY program by the end of 2002 (the tag allocation in 2001 was

380,000 tags). An additional 4,400 tags were bought back in 2007 with a total of

87,733 tags bought back in New York for a price of $12 each. In CT 58,410 tags

were purchased at a price of about $18.7.

It is useful to begin the analysis by first looking at how the events described

thus far are reflected in the given data. The density of lobsters’ biomass (figure 2.1,

panel 4) increased from the early 1990s until 1997 when the population experienced

a large increase. This indicates that recruitment was exceptionally high in that year

for reasons that remain unexplained.5 After that, biomass declined back to levels

observed in the 1980s, with a minimum in 2003.

Fishing pressure, measured by trap use, has increased steadily up until 1999.

Looking at the second panel, it can be noted that fishing effort declined only after

biomass and landings started to decline. This indicates that while stock was falling,

fishing pressure was still high. Also, traps fished increased even though the number

of licenses issued fell in 1995 (see panel 2 and 3), probably due to the implemen-

tation of a license moratorium issued by the State of New York in that year. The

State of Connecticut followed NY by implementing a license moratorium in 1998.

5The trawling survey used to monitor the lobster population of LIS does not show inconsistency
in the sampling in that year, and biologists have no substantive explanation for that. A similar
spike is present in the abundance index from the Rhode Island offshore trawling survey, but not
in the one from the Gulf of Maine.
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Both moratoria are still in place.6 The fact that effort kept increasing after the

implementation of the moratoria indicates that the active fishermen were fishing

harder, increasing the pressure on the lobster stock.

Aggregate harvest (top panel) follows a pattern similar to trap use. It increased

up to a maximum of over 5000 tonnes in 1996-1997. Then, starting from 1999, it

declined steeply until reaching its minimum in 2003. Its pattern seems to indicate

that the harvest was sustained by high trap–use up until the stock started falling in

1999.

As noted above, high water temperature was considered by biologists to be the

main determinant of the die-off. The literature indicates that 20.5℃ is a distinct

threshold for lobster physiology (ASMFC, 2009, p.25). Figure 4.5 indicates the

area in thousands of squared kilometers of the Sound exceeding the temperature

threshold of 20.5℃. The data series do not indicate any abnormal behavior around

1999. In that year, the stress area index was about 39 percent above its average

but was not as high as in 1991 and 1993 when no significant die-offs were reported.

Similarly, the average concentration of dissolved oxygen measured in LIS (figure 4.8)

does not show any unusual event in 1999 since the value for that year is very close

to its average.

Looking at the data, two main conclusions can be made. First, the full extent

of the collapse of the fishery was not realized until 2003, three years later than the

declaration of resource disaster. Second, it is not clear what exactly caused the die-

6In 1995, a license moratorium was introduced in the State of New York (Environmental Con-
servation Law 13–0328 (2) (a)). The State of Connecticut implemented a moratorium on the
commercial license to take lobster in 1998 (P.A. 95–90, renewed with P.A. 04–97). In both cases,
fishermen that do not renew their licenses lose the ability to obtain a license in the future.
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off. Just looking at data is not enough to identify which among the environmental

conditions or inefficient management of the fishery played the most important role in

the die-off. It is possible that the combination of these factors produced synergistic

effects that lead to the collapse of the fishery. In fact, lobsters are likely to suf-

fer from stronger physiological stress when high water temperature is coupled with

low dissolved oxygen. Increasing temperature decreases oxygen solubility increases

oxygen requirements (e.g. respiration) and can intensify the effects of oxygen deple-

tion by reducing habitat suitability and increasing oxygen consumption for growth

(Breitburg, 2002; Pörtner and Langenbuch, 2005). Also, high fishing pressure can

enhance the negative effects of hypoxia (Caddy, 2000) and high temperature (Scavia

et al, 2002) on an already fragile ecosystems. The combination of these factors may

have exacerbated the negative impact of the environmental shock to which biolo-

gists attribute the collapse. Given the interaction between multiple stressors, it is

difficult to disentangle the effects of these factors. In this term, this analysis investi-

gates how environmental stressors and the lack of proper management of the fishery

contributed to the mortality the fishery experienced in the late 1990s.

2.3 An Empirical Analysis of the LIS American Lobster Fishery

The empirical analysis is based on a simple model describing the dynamics of the

fishing industry and lobster population for the entire Long Island Sound. In this

framework, the size of the fishing industry is expressed by the fish traps (effort) that

are used to obtain the catch. The change in effort is determined by the profitability of
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the industry. Intuitively, effort increases when lobster price increases, stock biomass

increases, or fishing cost decreases.

The dynamics of the American lobster populaion is modeled on the basis

of what is known about the biology of the LIS population. It is assumed that

lobster population consists of three main classes (Giannini and Howell, 2007, p.6).

These three classes are defined such that, after one year, individuals of one class

enter the next class, eventually becoming legal-size lobsters. According to CTDEP

(ASMFC, 2006, page 33) “recruits are lobsters that are not legal-size at the time of

the survey but are expected to molt and grow to legal-size during the next year’s.”

CTDP adopts the assumption that annual growth by molting is in measure of eleven

millimeters. Thus, I define each size class as eleven millimeters apart from the next,

with the range of the intervals adjusting to the changing of the minimum size policy

(table 2.2).

Environmental conditions are introduced in the population dynamics in the

form of the area of the Sound suffering from extreme water temperature and average

of dissolved oxygen concentration. This allows me to examine how, by influencing

natural mortality, these factors contribute to determining the next year’s population.

Fishing mortality is specified as a function of fishing effort (trap use). This creates a

feedback relationship between the fishing industry and lobster population influenced

by environmental factors.

These relationships are estimated using data collected from local agencies over

a twenty–year period. The empirical model will serve, later in the chapter, to assess

the impact that extreme temperature and dissolved oxygen have on the LIS lobster
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industry. In addition the model will determine if the collapse of 1999 can be solely

attributed to temperature and dissolved oxygen, or if overfishing from the inefficient

management of the fishery also played an important role.

2.3.1 Data

This analysis uses data on the commercial fishery, lobster biomass, and water quality

for Long Island Sound, mostly collected by the Connecticut Department of Environ-

mental Protection (CTDEP) and the New York State Department of Environmental

Conservation (NYSDEC).

Since 1984, CTDEP has gathered information concerning the abundance and

distribution of finfish and invertebrates via a stratified random trawl survey (Long

Island Sound Trawl Survey, or LISTS) to calculate indexes of abundance for the

40 commons species in the Sound. The survey is conducted twice a year (spring

and fall) by randomly sampling across twelve strata defined by substrate type and

depth interval. Abundance indicates the number of individuals of the same species.

As will be discussed later, in the estimation the population is expressed in terms of

biomass, not abundance. Data on the biomass are not readily available.7 The data

collected via the survey include the aggregate number and weight of individuals as

well as the carapace length at 0.1 mm interval of individual lobsters. The data also

include lobster sex and other biological information.8 However, the data at hand can

7CTDEP calculates the biomass index (weight per tow) only from 1992 and for the entire
population, without differentiating among size cohorts.

8Each month forty trawlable sites (stations) are sampled for a total of two hundred annual
samples. The sites are areas of (1 × 2) square nautical miles in which the Sound is divided, each
assigned to one specific stratum. The strata are defined according to the bottom substrate type
(mud, sand, or transitional) and depth interval (0-9 m, 9.1-18.2 m, 18.3-27.3 m, 27.4+ m) for a
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be used to construct indexes of biomass for the population model. This is done in

the next section where I construct biomass indexes for three size classes of lobsters

for the time period 1987–2006. This provide a measure of the density of lobster

stock expressed in biomass, i.e. kilograms per tow.

CTDEP also runs a program to monitor the water quality of the Sound. Sam-

ples are collected all year–round by means of a research vessel. The observations

available for the period 1991-2006 and include measurements for water tempera-

ture, dissolved oxygen, salinity, and nutrients, as well as descriptions of location

and depth. CTDEP also reports total area (in square kilometers) of LIS for dis-

solved oxygen at different concentrations: 0-1 mg/l, 1-2 mg/l, 2-3 mg/l, 3-4 mg/l,

4-5 mg/l, and area with DO greater than 5 mg/l. The area is calculated using

observations on measurements taken within 1 meter from the bottom.

The latest stock assessment report conducted by the Atlantic States Marine

Fisheries Commission (ASMFC, 2009, p. 17) reports data on the area of the Sound

exceeding 20.5℃. This temperature is indicated as a distinct thermal threshold

beyond which southern lobsters become physiologically stressed (ASMFC, 2009, p.

25). The extent of that area was calculated for the entire Sound in two-day interval

for the period 1988-2007 by O’Donnell et al (2008) and treated as a “stress index”,

which is used in the assessment report to quantify the relationship between the area

of the Sound exceeding the threshold and lobster abundance (ASMFC, 2009, p. 17).

total of twelve strata. Before each sampling campaign, the sites are randomly selected from within
each stratum. The number of sites sampled within each stratum varies for each stratum within the
Sound with a minimum of two sites sampled each month. With each tow (standardized 30-minute
trawl of a site), CTDEP records the aggregate number and weight of individuals as well as the
individual carapace length.
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I employ this index to account for the influence of high water temperature on the

natural mortality of lobster population.

Commercial fishing data are obtained by both NYSDEC and CTDEP. The

NYSDEC collects data on catch and effort through an annual recall survey that NY

lobstermen are asked to fill out each year when they renew their license. CTDEP

collects commercial data for the lobster fishery. The data include commercial catch

for both resident and non–resident license holders who catch lobsters in LIS by

using any gear type. Data provided include monthly landings and annual data on

the number of licenses and the number of traps used to obtain the harvest for the

period 1984–2006.

Since the lobster population is observed during the fall of each year (Septem-

ber and October), each time period is defined as the period between the surveys,

when stock is observed, i.e. September of the current year to August of the next

year’s. The data collected on effort include the traps that fishermen used dur-

ing the entire year, from January to December; monthly data are not available.

To make the two periods comparable, traps are adjusted by using data on land-

ings, which are available monthly. Specifically, the adjusted traps are given by

Trapst = σfall,t−1Tt−1 + (1− σfall,t)Tt, where σfall denotes the share of landings for

the months September–December, and Tt is the aggregate annual number of traps

in year t. Therefore, Trapst indicates the traps used in the period September t− 1

to August of year t. This corresponds to the fishing effort applied in the period

before the biomass index at time t is observed.
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2.3.2 Construction of the biomass index

The available data do not include information on the biomass of the three size

classes that I use to describe the dynamics of lobster population in section 2.3.3.

Nevertheless, having data on the length of individual lobsters and knowing the

relationship between individual length and weight it is possible to obtain an index

for the biomass of each lobster class. In this section I develop a methodology that

allows me to estimate a weight–length relationship (WLR) of the American lobster

population of Long Island Sound without having individual weight data. With this,

the weight of individuals can be predicted and used to calculate biomass indexes

for different size classes or other meaningful indicators of the biomass of a fish

population.

In general, a weight–length relationship is expressed by the formula

W = a Lb (2.1)

where W and L are respectively the weight and length of the individual of a fish

species, a is defined as the condition factor, and b is the allometric factor which de-

fines the shape of the curvature of the relationship (Quinn and Deriso, 1999, pp.129-

131).9 This relationship is generally estimated using individual data on weight and

length of the species. Unfortunately, while data on the individual length are avail-

able in LISTS dataset, data on weight (biomass) are collected only in aggregate, i.e.

9When b = 3 the WLR indicates that the relative growth of both variables is identical, i.e.
isometric growth, while b < 3 and b > 3 reflect negative and positive allometry, respectively
(Anderson and Neumann, 1996, p.454).
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the total weight of individuals captured at a site.

When individual weight data are not available the problem can be overcome

by taking parameters of a WLR, for the same species, that are found in the litera-

ture and using them with the available individual length data to obtain a prediction

for the individual weight. Estimates for the American lobster weight–length rela-

tionship can be found in the scientific literature (e.g., French-McCay et al, 2003;

Steinback et al, 2008). French-McCay et al (2003) use data from individual weight

and carapace length of lobsters collected by research trawls in Rhode Island estimat-

ing the weight–length relationship to be W = 0.001143 L2.934 for the whole lobster

population. Steinback et al (2008) use instead individual weight and carapace length

data for different cohorts and sex. They report the parameter a equal to 0.000149

for males and 0.000834 for females, and the parameter b equal to 3.347 for males

and 2.972 for females.

Furthermore, in the 2006 ASMFC Stock Assessment Report it is assumed a

WLR to be W = 0.001167 L2.919 for all the management areas: southern New Eng-

land, Gulf of Maine, Georges Bank (ASMFC, 2006). However, this is a very large

and heterogeneous area and the LIS lobster population may well present charac-

teristics independent from the other populations from the rest of the northeastern

coast. Furthermore, it has been shown that most lobsters remain resident in the

Sound and do not travel extensive distances (Howell et al, 2005). Thus, American

lobster population of LIS can be considered as a separate population. Therefore the

“true” weight-length relationship may be rather different and therefore it should be

re-estimated (Froese, 2006).
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Yet, an alternative and simple procedure is available. Let the equation

Wj = a Lbj (2.2)

be the WLR for the j-th individual of a (fish) species such that Wj indicates the

unobserved individual weight, with j = 1, . . . , J . Since the parameters a and b are

constant across individuals of the same population (e.g., French-McCay et al, 2003),

it can be noticed that by summing both sides over all individuals yields the following

relationship:

W = a
J∑
j=1

Lbj (2.3)

where W =
∑J

j=1W is the aggregate weight. This indicates that when individual

weight data are unavailable a WLR can still be estimated using only aggregate

weight and individual length data.

The dataset provided by CTDEP reports measurements taken in the time

period 1987–2006 for each sampled site; data for 2046 sites are available. Notice

that aggregate weight started being collected only from 1992. It is interesting to

see how the aggregate weight predicted using the results by French-McCay et al

(2003) relates to the aggregate weight reported in the LISTS dataset. Predicted

individual weight is obtained by plugging the individual lengths from the LISTS

data in the WLR they estimated. Then, aggregating the individual weight and

comparing this to the aggregate weight reported in LISTS dataset it can be noticed

that the aggregate predicted weight and the weight collected by LISTS are very
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highly correlated. Specifically, pooling the data for all the strata I found a correlation

of 0.981, while the weighted (by the number of observations) average using data for

each stratum I find a correlation of 0.986. This indicates that aggregate weight is

related to individual length, hence this gives a reassuring indication that equation

(2.3) can be used to estimate the weight–length relationship for Long Island Sound.

Using LISTS data on aggregate weight and individual length of lobsters at

each sample the following relationship is estimated:

Ws = a
J∑
j=1

Lbj,s + us. (2.4)

The variable Ws indicates the total biomass collected in sample s, while Lj,s is

carapace length of lobster j measured at the same sample; us is an additive errors

assumed to be distributed with mean zero and variance σ2
u.

Equation (2.4) is estimated using nonlinear least squares pooling the data

for all strata together. Given the data, the sum of squares of the error terms

is minimized with respect to the parameters a and b, where the error terms are

us = Ws − a
∑J

j=1 L
b
j,s. Since the specification is nonlinear, the minimization pro-

cess involves using numerical optimization. This is done by employing the routine

lsqnonlin with the Gauss–Newton algorithm in Matlab. Notice that since the pa-

rameters are assumed to be constant across strata, the same relationship applies to

lobsters for all sites across the whole Sound.

The model fits the data well and both coefficients are significant at 1 percent

level. Estimates (table 2.1) appear to be similar to those found in the literature

27



(French-McCay et al, 2003; Steinback et al, 2008). However, unlike the others, this

methodology does not use individual weight data. The estimates are consistent

with what reported in the 2006 ASMFC Stock Assessment report (ASMFC, 2006,

p.277) and for the American lobster population of Rhode Island (French-McCay

et al, 2003).

This procedure is useful to disentangle the individual weight of the lobsters

collected with LIS trawling survey. Having individual weight data allows me to

calculate biomass indexes for different size classes for the lobster population. Be-

ing able to observe different stages is important for the management of a natural

resource that exhibits differences in the phases of their development. This is espe-

cially significant when the effects of adverse events on stages that are not usually

observed can be experienced for several years, with implications on the abundance

of commercially exploited species.10

As previously discussed, it is assumed that lobster population is composed of

three main classes: pre-recruit, recruit, and legal (Giannini and Howell, 2007, p.6).

These three classes are defined such that, after one year, individuals of one class

enter the next class and eventually become legal-size lobsters.11 The smallest class

is composed by the pre-recruits, young lobsters that will become sexually mature

in one year. Then, lobsters that are sexually mature, although smaller than the

minimum legal-size, are defined as recruits which constitute the second class. Lastly,

10For example, the decline of landings of American lobsters in Rhode Island was preceded by
a reduction in the abundance of pre-recruit lobsters, a smaller size class (Wale et al, 2009). This
effect would be missed by observing only one growth stage or the aggregate population.

11According to ASMFC (ASMFC, 2006, page 33) “recruits are lobsters that are not legal-size at
the time of the survey but are expected to molt and grow to legal-size during the next year’s.”
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lobsters above minimum legal-size are defined as legals because they can be legally

landed.

As reported in the 2006 ASMFC Stock Assessment Report (ASMFC, 2006,

page 313), the average annual molt increment for lobsters in LIS is about 11 mm.

Therefore, I assume that each size class is composed of lobsters of measurements

within a range of 11 mm, where the range of each class varies according to the

changing of the minimum size policy. The minimum size restrictions for LIS lobster

fishery are presented in table 2.2.12

Biomass indexes for the three classes are obtained as follows. The estimated

relationship (2.4) is used to predict individual weight for lobsters sampled in Long

Island Sound. Then, individual weight is aggregated by size class where each class

is defined according to the definition of the minimum length policy. Finally, the

index is calculated as the geometric mean for the weight of lobsters caught in each

survey tow.13

These indexes provide seasonal measures of the density of lobster stock ex-

pressed in biomass, i.e. kilograms per tow. They reflect the estimated average

lobster biomass for Long Island Sound, by class size, for the time period 1987–2006

for fall season. Observing the fall stock from one year to the next covers the sum-

12There is also a maximum legal-size policy. This makes sure that extremely large lobster are
left in the water so that they can just reproduce. However, in LIS lobsters do not live long enough
to grow beyond the maximum size. At September 2009 the maximum carapace length set for Long
Island Sound is 133.35 mm.

13To calculate the geometric mean, the weight per tow are logged to normalize the highly skewed
catch. The same procedure is used by CTDEP to calculate the mean number per tow and weight
per tow for the common fish and invertebrate species (CTDEP, 2006, pp.71-72). As done by the
CTDEP, the weight per tow is first logged (natural log), then means are computed on the log scale
and finally re-transformed to get the geometric mean, i.e. Transformed weight = ln(weight+1), and
then re–transformed to the geometric mean: geometric mean = exp(mean(Transformed weight))−
1.
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mer molt and reveals the effect of natural mortality, fishing mortality on legal-size

lobsters, and growth. Also, the fall survey provides the most reliable assessment for

benthic species because water temperature is less variable than during the spring

survey (Wale et al, 2009). Comparing these biomass indexes with the indexes of

abundance reported in Giannini and Howell (2007, figures 16–17) shows similar

dynamics. Also, the minimum and the maximum of the series roughly coincide.

This seems to suggest that the average weight of lobster in each class is constant

throughout the time period.

2.3.3 Lobster Population Dynamics

Classical surplus models like the logistic growth function are not well suited to de-

scribe the evolution of species with complex life cycle such as lobsters. For instance,

these models ignore differences in growth and mortality among different stages of

the life history of the species (Townsend, 1986). Moreover, they do not consider time

delays in the population-development process, such as from spawning to maturity,

nor do they consider size limits on catch.

A good alternative is offered by delay-difference models, where the next year’s

biomass is determined by the growth of the surviving biomass from the previous year

plus new recruits. Examples of delay-difference models in the resource economics

literature are found in Bjørndal (1988), Campbell et al (1993), and Kronbak (2005).

For this reason, the biology of American lobster is described here by means

of a multistage model in which three cohorts have individual but linked dynamics.
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Modeling different stages is important for the management of a natural resource

that exhibits differences in the phases of its development. This is especially true

when the effects of adverse events on stages that are not usually observed can be

experienced for several years, with implications on the abundance of commercially

exploited species.14

The population cohorts described by the model are for individuals of Legal,

Recruit, and pre-recruit size. The size cohorts are defined as follows. The smaller

class is composed by the pre-recruits, denoted by P , which are defined as the young

lobsters that will become sexually mature in one year. Lobsters that are sexually

mature, although smaller than the minimum legal-size, are defined as recruits, de-

noted by R, and constitute the second class. Lobsters above minimum legal-size are

defined as legal, L, because they can be legally landed.15

Examining multiple life stages permits the identification of growth and mor-

tality for each stage, and this is particularly appropriate for species like lobsters for

which natural mortality seems to be inversely related to body size (Lapoint et al,

1989). Mortality is especially high in the first four stages of development, a very

critical period for larvae, with an extremely high natural mortality rate. Although

growth seems to be similar for most juvenile individuals or larger, differences in mor-

tality suggest that the dynamics of each size class should be modeled individually.

14For example, the decline of landings of American lobsters in Rhode Island was preceded by
a reduction in the abundance of pre-recruit lobsters, a smaller size class (Wale et al, 2009). This
effect would be missed by modeling only one stage.

15To account for these changes, the predicted individual weight calculated in section 2.3.2 is
aggregated in classes whose definition changes according to the variations in the minimum size
policy (table 2.2). For example, lobsters that in the period 1984–1988 were greater than 80.9 mm
were assigned to the legal-size class; those that in 1989 were greater than 81.7 mm belonged to the
legal class, and so on.
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Nevertheless, they should be related.

Legal Class

The dynamics for the legal class is described by the following transition equation:

Lt = α0 +α1Lt−1 +α2Rt−1 +α3Trapst Lt−1 +α4THRt +α5THRt DOt + ε1,t (2.5)

where Lt is the index of biomass of legal lobsters as observed in September of year

t, Rt−1 is the same index but for recruit-size lobsters, Trapst denotes traps used in

the period September t−1 to August of year t, before Lt is observed. The variables,

THRt and DOt are environmental factors that are also observed before Lt. The

variable THR denotes the “stress index” calculated by O’Donnell et al (2008) for the

ASMFC stock assessment report. It indicates the area (km2) of the Sound exceeding

the temperature threshold of 20.5℃, and it accounts for natural mortality due to the

effects related to extreme water temperature. Using the area of the Sound above

the threshold controls for the intensity and the spatial extension of the warming

phenomena. The variable DO denotes the mean dissolved oxygen concentration

(mg/l) observed in the summer months throughout the Sound weighted by the area

of the Sound with concentration levels within six different ranges (0-1 mg/l, 1-2

mg/l, 2-3 mg/l, 3-4 mg/l, 4-5 mg/l, >5 mg/l).16 All the right-hand side variables

are predetermined with respect to legal population in the next period.

16More specifically, this is calculated as DO =
∑
iDOi µi, where i is the range, or interval, of

oxygen concentration (e.g., 0-1 mg/l), DOi is the average of the dissolved oxygen (mg/l) measured
in the interval i, and µi is the share of the area (km2) of the Sound where oxygen is reported to
be in the concentration interval i, µi = areai/

∑
i areai.
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Equation (2.5) models biomass of each year as the result of the growth of

surviving individuals, a correction for fishing mortality, the effect on natural mor-

tality due to environmental conditions, plus the contribution of lower classes. The

coefficient α1 represents the proportion of legal lobsters that grow and survive to

the following year, and it is expected to be positive. The coefficient α2 denotes the

biomass of surviving recruits that grow up to legal-size, also expected to be positive.

The term α3TrapstLt−1 represents fishing mortality. It corresponds to a Schaefer

production function, where Trapst is the number of traps fished by LIS lobstermen

during period t, before the biomass is observed, and α3 is the catchability coefficient.

As discussed in section 2.2, high water temperature and dissolved oxygen play

an important role in the health of lobsters. The effect of extreme water temperature

is introduced in the model with the variable THR and its interaction with dissolved

oxygen DO to capture the effects that the combination of high water temperature

and oxygen has on lobsters. The rationale is that the effects of extreme temperatures

worsen with the occurrence of hypoxic phenomena; conversely higher concentrations

of dissolved oxygen mitigate the stress that high temperature imposes on lobsters.

The short-run effect of an intensification of extreme high water temperature on the

biomass of legal-size lobsters is given by dL/dTHR = α4 +α5DO. This effect is ex-

pected to be non-positive and driven by the coefficient α4. The immediate effect of

oxygen is also related to water temperature. That is, it becomes more beneficial at

higher temperatures, i.e. dL/dDO = α5THR, and it is expected to be nonnegative.

Recruit Class
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The evolution of the recruit biomass is described by the following equation:

Rt = β0 + β1Pt−1 + β2THRt + β3THRtDOt + ε2,t. (2.6)

where Pt−1 denotes lobsters of pre-recruit class, observed in the fall of the previous

year, developing to recruit class in a one-year period.

Notice that, here there is no lagged dependent variable, because recruits grow

to legal-size in one time period (ASMFC, 2006, p. 33). The coefficient β1 indicates

the proportion of the biomass of surviving pre-recruits that grow to recruit size, and

it is expected to have a positive sign. As for the legal lobster class, this equation

includes the stress index and its interaction with dissolved oxygen as regressors, and

the immediate effect of stressful temperature is given by dR/dTHR = β2 + β3DO,

expected to be non-positive. The effect of oxygen on the next year’s biomass is

expected to be nonnegative and is given by dR/dDO = β3THR.

Pre-recruit Class

Finally, the dynamics of pre-recruits is described by means of a stock-recruitment

relationship between the spawning biomass of three years before and current pre-

recruits. The choice for the stock-recruitment relationship for crustaceans is widely

debated in the biological and ecological literature (see Wale, 2003, for an overview).

However, there is evidence that in crustaceans, density-dependent mechanisms op-

erate at both high and low population densities through competition/predation and

poor reproductive success, respectively (e.g., Fogarty and Idoine, 1986; Cobb and
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Wahle, 1994; Ennis, 1995). Nevertheless, density-dependent effects are typically

found for early benthic-phase lobsters (settlers) (Wale et al, 2001).

Two stock-recruit models that allow for density dependence in the lobsters’ life

cycle are the Ricker and the Beverton–Holt (BH) models. The main difference with

the Ricker model is that the BH is an asymptotic, compensatory function, while

the Ricker model exhibits a dome-shaped and over-compensatory relationship. A

compensatory relationship for the American lobster has been reported (Ennis and

Fogarty, 1997), but the robustness of the results has been questioned by the same

authors.

To gain some insight into which stock-recruitment model for the American

lobster of Long Island Sound is more appropriate, a preliminary analysis was run

by estimating a three-parameter generalization of the BH and Ricker models. This

model was derived by Deriso–Schnute (Quinn and Deriso, 1999, pp.93-95), and

nests the Ricker and the Beverton-Holt models in the same specification and the

environmental factors, high water temperature and its interaction with dissolved

oxygen. The model is the following:

Pt = aSSBt−3 (1− bcSSBt−3 + environmental factors)1/c (2.7)

where P is pre-recruits, SSB is the spawning biomass, SSBt = Lt + Rt, and a, b,

and c are parameters to be estimated. Support for the assumption of a three-year

time delay is found in Fogarty and Idoine (1986) and in the more recent literature

(Wale et al, 2009). For c→ 0, the specification takes the form of the Ricker model,
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while for c = −1, the Beverton–Holt model. By estimating equation (2.7), it is

possible to test which stock-recruitment relationship better fits the data for the pre-

recruit lobsters of LIS. After estimating equation (2.7) using a MATLAB routine for

nonlinear least squares, the following hypothesis were tested: (i) H0: c = −1 vs. H1:

c 6= −1 , and (ii) H0: c = 0 vs. H1: c 6= 0. Notice that the equation was estimated

alone, without the equations for the other two classes. The tests indicate that while

the hypothesis that c = 0 could not be rejected, the hypothesis that c = −1 was

able to be rejected at the 10 percent significance level. Based on the results of these

test, it seems reasonable to choose the Ricker over the Beverton–Holt model.

The stock-recruitment relationship is therefore assumed to follow a Ricker

functional form. The Ricker model is used for species that exhibit density-dependence

in their life history, even if not throughout the entire life of the species (Quinn and

Deriso, 1999, p. 89). After including the environmental variables, the relationship

takes the following form:

Pt = SSBt−3 eγ1+γ2SSBt−3+γ3THRt+γ4THRtDOt+ε3,t (2.8)

where SSB is the spawning stock biomass, SSBt = Lt+Rt. This equation represents

reproduction for lobster population. The coefficient γ1 captures the productivity of

the spawning biomass. It represents the density-independent parameter related to

fecundity. The coefficient γ2 measures density-dependence; a negative sign indicates

that at some stage, a density-dependent mechanism operates.

As for the other two classes, the coefficient on the stress index is expected to

36



be negative, while the coefficient on the interaction term should be positive. The

effect of extreme temperature and dissolved oxygen on pre-recruit lobsters is given

by dP/dTHR = P (γ3 + γ4DO) and dP/dDO = P (γ4THR), respectively.

It is important to notice that there is no clear expectation on the magnitude

of the coefficients of equations (2.5)–(2.8). They express the change in biomass

(weight), and since there is growth involved, one additional unit of biomass this

year may result in more (or less) than one additional unit of biomass the following

year.

Estimation

The population series show a larger increase in 1997. This indicates that recruit-

ment was exceptionally high in that year for reasons that remain unexplained. The

trawling survey does not show inconsistency in the sampling in that year, and biol-

ogists have no substantive explanation for it (personal communication from Penny

Howell, CTDEP). To correct for this unusual and unexplained behavior of the data,

each equation is augmented by a dummy variable, D97 that takes a value equal to

one in 1997 and zero in the remaining years.

Descriptive statistics are presented in table 2.3. Biomass indexes are expressed

in kilograms per tow, stress index indicates the area in thousands of square kilo-

meters of the Sound exceeding the temperature threshold of 20.5℃, DO represents

the concentration of dissolved oxygen in milligrams per liter, and fished traps are in

thousands of units.

Equations (2.5)–(2.8) are estimated as a system using a Seemingly Unrelated
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Regression (SUR) procedure allowing for correlation across equations. All the right-

hand side variables of the system (2.5)–(2.8) are predetermined.17

The model is tested for possible autocorrelation and stationarity of the resid-

uals. Serial correlation is tested using the Breusch–Godfrey (B–G) Lagrange multi-

plier test where the null hypothesis is that there is no autocorrelation. The test is

valid in the presence of lagged dependent variables. The B–G test gave a statistic

of 3.022 with a corresponding p–value of 0.19 for equation (2.5), a statistic of 2.289

with a p–value of 0.33 for (2.6), and 2.074 with a p–value of 0.38 for (2.8). This

indicates that the null hypothesis of no autocorrelation cannot be rejected. The

stationarity of the residuals is tested using the augmented Dickey–Fuller with only

one lagged term. The null hypothesis of unit–root was rejected at 1 percent level

for equations (2.5)–(2.6) and at 5 percent level for equation (2.8), indicating that

the residuals are stationary.

The estimated coefficients of the model are presented in table 2.4. All have

the expected signs. In equation (2.5), the coefficient on the lagged dependent vari-

able, α1, is positive and not statistically significantly different from 1, suggesting

that the mortality of the legal-size lobsters is balanced by growth (in biomass) of

the survivors (p-value = 0.46). A positive coefficient α2 indicates that recruits pos-

itively contribute to the legal-size class. However, the coefficient is not statistically

significant. As expected, pre-recruits contribute positively to recruits of the follow-

ing year (see equation (2.6)). A 1 kilogram/tow of pre-recruits in the current year

will survive and grow into 0.559 kilogram/tow of recruits in the following year. Re-

17The equation for the pre-recruit class is linearized by taking logs.
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garding the pre-recruit size class, a negative and significant γ2 indicates that there

is statistical evidence for the presence of density-dependent mechanisms during the

development between the larval and pre-recruit stage. Therefore, the assumption

that the stock-recruitment has a Ricker functional form is supported by the data.

The growth parameter has the expected positive sign.18 The coefficient α3, which

captures fishing mortality, is statistically significant at the 10 percent level (p-value

= 0.062). As expected, it has a negative sign, which indicates that an increase in

fishing pressure reduces the availability of the next year’s biomass. Specifically, it

indicates that 1 percent more traps fished for one year will result in a 0.36 percent

reduction in the biomass index of the legal-size population in the following year.19

Lastly, the coefficients on the environmental factors have the expected sign.

The coefficient on the stress index in the legal equation is negative and strongly

statistically significant (1 percent level). The coefficient on the interaction with

the dissolved oxygen is positive and also significant. This indicates that extreme

water temperature, measured by the “stress index,” increases the natural mortality

of legal lobsters, while larger concentrations of dissolved oxygen mitigate such an

effect. The effect of these environmental conditions on the next year’s legal-size

lobsters is given by dL/dTHR = −0.009 + 0.0011DO and dL/dDO = 0.0011THR,

respectively. Calculated at the sample means, an increase of a 1 percent of the

current area with high temperature induces a decrease of 0.46 percent of next year’s

legal biomass, while, a 1 percent increase of current oxygen concentration leads

18As in the classical Ricker model, it is derived as a = eγ1 = 0.957.
19This is calculated as (∂Lt/∂Trapst)(Trapst/Lt) = α̂3Lt−1(Trapst/Lt), evaluated at the sam-

ple mean for the legal index.
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to an increase of 0.80 percent, indicating a large positive effect of higher oxygen

concentration on adult population.

For the recruits, the coefficients on the environmental factors also have the

expected sign, but it is statistically insignificant (p-value = 0.103), while the current

oxygen concentration has a positive effect on next year’s biomass. A 1 percent

increase in oxygen concentration leads to an increase in biomass of 0.54 percent.

As for the other two classes, extreme water temperature has a negative effect

on pre-recruits, and this effect is mitigated by dissolved oxygen. Both coefficients

are significant at the 1 percent level. At sample means, the immediate effect of a

1 percent increase in the stress index is a small decrease of the biomass by 0.022

percent, while a 1 percent increase in DO increases biomass by 1.65 percent. Finally,

for all the three classes, the dummy variables accounting for the spike of 1997 are

statistically significant and have the expected sign.

These results indicate that while oxygen concentration has a fairly strong effect

on the lobster population of LIS, extreme water temperature negatively affect the

survival of the adult population and the reproduction (pre-recruits). Oxygen has

the strongest effect on reproduction (pre-recruits). Given the time lag due to the

development from pre-recruits to legal-size lobsters, the effects of a potential hypoxia

will be reflected in the adult cohort and the landings with a time lag of at least three

years.

The long-term impact of a change in the stress index and dissolved oxygen

concentration cannot be easily determined due to the feedback effects that the past

values of environmental variables have, through past population, on next year’s
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lobster. In fact, a shock in the environmental factors in period t has echo effects that

last for a few years and then dissipate. When the shock is realized, it immediately

affects the three classes (first period). Then, legal and recruit classes are affected

by the past effects on recruit and pre-recruit classes, respectively, and the legal

class also experiences the impact of the shock through its repercussions on harvest.

Lastly, the immediate impact suffered by legal and recruit lobsters will affect pre-

recruits up to five periods later and then will dissipate. This is part of the main

focus of this chapter and is investigated in a later section.

Given that the purpose of the estimated model is to identify the (marginal)

effects of high temperature, dissolved oxygen, and fishing pressure, the model tracks

the population fluctuation of each class of lobsters reasonably well over time (fig-

ures 2.6–2.8). The model also seems to do a good job in capturing the impact of

environmental factors, i.e. most of the coefficients on the environmental factors are

statistically significant.

2.3.4 Fishing Industry

The expansion of fishing effort might have been an important component in the

collapse of the lobster fishery of Long Island Sound. Fishing pressure due to the

open-access regime of the fishery could have led to overexploitation and eventually

to the collapse (Berck, 1979; Clark, 1990).

To analyze the role of overexploitation, it is necessary to examine the dynam-

ics of the effort employed in the lobster industry. This is addressed in this section,
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in which the manner in which fishing effort evolves over time is estimated as a func-

tion of the lobster population and exogenous environmental and economic factors.

Fishing effort is measured by the number of traps fished in the industry.20

As is customary in the literature (e.g., Staniford, 1988) for lobster, fishing

pressure in the fishing industry is assumed to be proportional to profit. Fishermen

apply more effort when lobster biomass is more abundant and the lobster price is

high, while effort responds negatively to higher fishing costs. When management is

inefficient (e.g., open access) the long run equilibrium stock level is proportional to

the ratio of the marginal cost of effort to the price of fish (Clark, 1990, pp.28-29).

In fact, the relative price determines the equilibrium level of stock at which rent

is dissipated. For this reason, changes in the relative price induce changes in the

extent of the exploitation and different levels of fishing pressure. For this reason, the

cost-price ratio is used as an indicator of economically induced fishing pressure; that

is, fishermen apply more effort when this ratio falls, while fishing pressure decreases

when the ratio rises.

The unit cost of effort should reflect the operating expenditures of laying traps

on the bottom of the Sound. This involves traveling to the fishing location, baiting

the traps, and laying them on the bottom. Inputs used for these operations are

fuel, bait, and possibly manpower. Bait and fuel together account for 80 percent

of the variable cost of lobstering in the northeast lobster fishery, and bait alone

accounts for over half of the variable costs of fishing (Thunberg, 2007, table 18, p.

20This provides an appropriate measure of effort. Trap hauls would provide a better measure of
fishing effort. Unfortunately, data on pot lifts is generally not available for the U.S. lobster fishery
(ASMFC, 2009, p.22) or for the whole LIS.
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49). Unfortunately, there are no cost data available for the LIS lobster fishery. One

way to overcome the lack of data is to proxy costs by using bait and fuel prices

for the Long Island Sound area. Herring is commonly used as bait in lobster traps

(Steinback et al, 2008), and diesel is the most common fuel used in commercial

fishing. Therefore, the price per kilogram of herring and the price of a gallon of

diesel are employed to proxy for the price of bait and fuel used in the lobster fishery

of Long Island Sound to account for the fishing costs.

The availability of alternative employment may also affect lobstermen’s deci-

sions in terms of effort. Construction, mechanical repair, and truck driving may be

alternative jobs. Unfortunately, the alternative employment opportunities for LIS

lobstermen are unclear, while it is more likely that lobster fishermen of LIS may

engage in alternative fisheries (personal communication Dr. Alexander – CTDEP,

and Kim McKown – NYSDEC). In fact, a large majority of full-time lobstermen has

permits or may decide to fish other species such as horseshoe crab, whelk (conch),

and surf clam and oyster. Thus, the profitability of alternative fishing industries

may divert part of the fishing effort from the lobster industry to these alternative

fisheries. Therefore, it is important that the unit cost of effort also includes the

opportunity cost of fishing in terms of foregone harvests of other species.

If the price of bait for the lobster fishery is correlated with the prices of other

fish in the alternative fisheries, then the price of bait is a reasonable proxy for the

opportunity cost of lobstering in terms of forgone harvests of other species. To

check this, the correlation of the price of Atlantic herring from New England is

computed and then used to represent the bait price for the LIS lobster fishery, with
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the price for oysters, clams, horseshoe crab, and conch using the available data for

New England, Connecticut, and New York state.21 The prices are highly correlated,

particularly for oysters, conch and horseshoe crab in CT and clam in NE.22 Thus, it

appears reasonable to consider the price of bait as a proxy for the opportunity cost

of lobstering in terms of foregone harvests of other species. For these reasons, it is

assumed that the bait:lobster price ratio, wb/p, together with the fuel:lobster price

ratio, wf/p, provide a reasonable measure of the marginal cost of effort-lobster price

ratio in the LIS lobster fishery.

The rate of change in effort is assumed to be represented by the following

specification:

Trapst
Trapst−1

= δ0 + δ1Lt−1 + δ2
wb,t−1
pt−1

+ δ3
wf,t−1
pt−1

+

δ4Floyd+δ5Moratoria+ δ6Buyback + δ7Method+ vt.

(2.9)

This specification allows the separation of the determinants of the rate of entry

of fishing effort (i.e., the lobster stock and the relative price of bait and fuel) and

the examination of the marginal effects of lobster stock and relative prices on the

dynamics of effort in the simulation that will be discussed in a later section. The

dependent variable is the rate of change in effort for the fishery, where Trapst

21The prices are taken from the Annual Commercial Landing Statistics from the NMFS website
dividing landings value by landings quantities.

22The correlations with the price of Atlantic herrings from NE are as follows: oyster NE 0.8787,
oyster NY 0.8882, oyster CT 0.8532, clam NE 0.4944, clam NY 0.0282, conch NE 0.9384, conch
CT 0.7707, conch NY 0.8049, horseshoe crab NE 0.3558, horseshoe crab CT 0.7283, and horseshoe
crab NY 0.2287.
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indicates the traps used in the period t in the whole LIS lobster fishery (CT and NY

states) obtained by both NYSDEC and CTDEP for the period 1984–2006. As before,

the variable Lt denotes the biomass index for legal-size lobsters observed in period

September-to-August, period t. The variable wb denotes the price per kilogram of

herring (dollars/kg), and the price of lobster (dollars/kg) is p. The price of herring

is obtained by dividing total value by total landings from the Annual Commercial

Landing Statistics from the National Marine Fisheries Service (NMFS) website. The

variable wf denotes the price per gallon of distillate No 2 (cents/gallon) for the East

Coast, which proxies the price of fuel used in the LIS lobster fishery (CT and NY).

Distillate No 2 is used to produce diesel fuel, which is the main fuel used fishing

boats.23

The LIS lobster fishery represents a small share of the large northeastern

American lobster fishery. Therefore, it is assumed that the market demand for

lobster is perfectly elastic at market price p, which denotes the price per kilogram

of lobster for the state of Maine, the leading market for the northeastern American

lobster fishery. This is used as a proxy for the local price to avoid potential price

endogeneity. As for the herring price, this is obtained from the Annual Commercial

Landing Statistics from the NMFS website. All the price data are deflated using the

Consumer Price Index (CPI), all urban consumers, for the Northeast region from

the Bureau of Labor Statistics (base period 1982–84).

The variable Floyd is a dummy variable that accounts for potential effects,

23No 2 Distillate Commercial Price has a longer time series than diesel price, and was obtained
from the website of the U.S. Energy Information Administration.
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such as damages or lost fishing days, that the tropical Storm Floyd may have caused

when it hit the LIS region in 1999. For instance, strong waves may have damaged

boats or traps. This dummy variable takes a value equal to one in 2000 and zero

otherwise.24 Moratorium and Buyback are two dummy variables controlling for the

effects that the NY/CT license moratorium and trap buyback programs, discussed

in section 2.2, had on trap–use. Moratorium takes a value equal to one for the

years from 1995 on and zero otherwise, while Buyback equals one for the period

the program was in place (i.e., 2002–2003) and zero otherwise. Lastly, the dummy

variable Method is also introduced to account for the effect that a change in the

survey methodology NYSDEC operated in 1997 had on effort.25 Summary statistics

are presented in table 2.5. Finally, vt is the error term that is assumed to be

distributed with mean zero and variance σv.

Equation (2.9) was first estimated using least squares, and the model was

tested for autocorrelation using the Durbin–Watson (DW) test indicating the pres-

ence of statistical evidence of negative autocorrelation (DW = 3.012). To account

for the structure of the covariance matrix, equation (2.9) is estimated by Feasible

Generalized Least Squares (FGLS).26 Estimates are presented in table 2.6. All co-

efficients are statistically significant at least at the 5 percent level. Figure 2.9 shows

the observed indexes (blue solid line) and the fitted values from the estimation per-

24Given that data are organized such that the time period goes from September to August,
September of 1999 corresponds to year 2000 in the estimation. Hence, the dummy takes the value
to one in 2000.

25Personal communication from Mrs. Kim McKown (NYSDEC), Chair of the ASMFC American
lobster Stock Assessment Subcommittee.

26Estimates for equation (2.9) are obtained using the Prais–Winsten estimator with a search
procedure, using the “prais” command.
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formed over the entire sample (orange dashed line). The estimated model tracks the

change in trap use reasonably well.

As expected, effort is increasing in biomass density. Specifically, at the sample

mean, a 1 percent increase in legal biomass density in the current period will induce

an increase of 0.12 percent in the total number of traps used in the next period,

which translates into 382 more traps used Sound-wide.27

Effort is decreasing in the input/output relative prices. A 1 percent increase

in the relative bait price (e.g., more expensive bait or lower lobster price) in the

current period induces a decrease of 1.06 percent in total fished traps in the next

period. A 1 percent increase in the relative fuel price (e.g., more expensive fuel or

lower lobster price) causes a decrease in total fished traps of 1.75 percent. Therefore,

fishing effort seems to respond more largely to changes in the fuel:lobster relative

price.

The estimated coefficient for the buyback tag policy has an expected negative

sign, indicating that total effort was reduced by about 92,158 traps due to the

introduction of the policy from 2002 and 2003.28 This accounts for less than the

number of tags that were actually sold back in that period (146,000). Thus, the

estimated parameter corroborates anecdotal evidence (personal communication by

Matthew Gates, CTDEP) that there is substantial unused capacity in the Long

Island Sound lobster fishery. Finally, results seem to support the assumption that

27This measure is calculated as (∂Trapst/∂Lt−1) (Lt−1/Trapst) = δ1Lt−1 (Lt−1/Trapst), and
evaluated at the sample mean for the legal index.

28After the policy was introduced between 2002 and 2003, the reduction of traps was realized
in 2003. Thus, the actual reduction is calculated by multiplying the total traps in 2001 by the
estimated coefficient for Buyback.
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the introduction of the moratoria caused an average reduction in the number of

traps. According to the results, the moratoria reduced effort by 45,569 traps for the

1995–2006 period.29

2.4 Analysis of the Determinants of the Collapse

In this section, the role of environmental and anthropogenic factors in the collapse

of the Long Island Sound American lobster fishery is investigated. The factors that

are potentially responsible for the die-off the causative variables) are high water

temperature, pollution reducing dissolved oxygen, and fishing pressure induced by

the profitability of the fishing industry, which is not efficiently regulated.

As discussed in section 2.2, the physiological stress induced when the water

temperature rises beyond the critical threshold of 20.5℃ increases natural mortality

in the lobster population. Changes in extreme (high) water temperature affect the

natural mortality of lobster.

The effect of high temperature is exacerbated by a lack of oxygen. For exam-

ple, at higher temperatures, oxygen consumption increases due to higher activity.

Low concentrations of oxygen in the water column lead to habitat degradation which

decreases lobster survival. The availability of oxygen in the water column is deter-

mined by physical and chemical factors, such as the amount of nutrients in the

water, which stimulates algal growth. The decay of algae reduces the dissolved oxy-

gen concentration, leading to hypoxia and resulting in a variety of problems that

29This is calculated by multiplying the estimated coefficient for the dummy variables on the
license moratoria by the average trap-use in the pre-1995 period.
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can have heavy economic consequences, including, fish kills, loss of biodiversity,

human health problems, and reduced recreational opportunities (Carpenter et al,

1998). Excessive nitrogen loading due to discharges from sewage treatment plants,

atmospheric deposition, and runoff is the primary factor responsible for low dis-

solved oxygen levels in Long Island Sound (NYDEC and CTDEP, 2000). Therefore,

changes in DO also affect the natural mortality of lobsters, since higher pollution

reduces oxygen concentrations in the water column.

Overfishing due to the inefficient management of the fishery also increases

lobster mortality. Fishermen have no incentives to take into account the future

value of the lobster population (shadow price); they respond only to the cost of

effort relative to the lobster price and biological factors.30 For low fishing cost (or

high lobster price), the effort employed is high and fishing mortality increases.

Equations (2.5)–(2.9) form a dynamic system that is used, together with the

observed data, to obtain predictions for the outcome (endogenous) variables: the

biomass indexes of each size cohort (legals, recruits, and pre-recruits), the number

of traps used in the fishery, and total harvest. These predictions constitute the

baseline case that will be treated as the reference for the simulations.

According to the data for the Sound as a whole, it appears that the collapse

was realized in the period between 1999 and 2003. Therefore, it is likely that the

factors indicated as potential determinants of the collapse may have operated in

more than just the initial year, 1999. For this reason, the consequences of the

30If biological parameters are assumed as given, then the equilibrium level of effort is a function
of the cost-price ratio only (Clark, 1990, p.28).
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influence of the causative variables need to be evaluated not only for the one-time

shock of 1999, but also for the following periods.

To examine the effect that high water temperature, pollution, and fishing pres-

sure had on the lobster population and the fishery, two sets of simulations are run.

In the first, the effects of one-time shock in the causative variables high tempera-

ture, DO, bait:lobster, and fuel:lobster price on the outcome are investigated. This

entails setting, one at a time, the observation for the year 1999 of the causative vari-

ables to their sample averages and calculating the predicted outcome variables. The

sample average for the 1987-2006 period is used, because calculating the average for

a longer period allows the use of more data to get the overall mean. This procedure

yields an estimate of what the outcomes variables would have been in the absence

of the shocks experienced in 1999. A one-time shock has both immediate and echo

effects. To find the total effect of a shock in each single factor, predictions for the

cumulative biomass (for population and harvest) and trap use are calculated under

each case. Then, I compare these with the corresponding predictions obtained keep-

ing the causative variables set to their observed level, the baseline. The difference

shows the effect of the 1999 shocks.

For the second set of simulations, the relative influence of the four causative

variables on the collapse of the LIS lobster fishery is examined. This entails setting

three of the four factors constant at their sample average for the 1999–2006 period

and calculating the predicted outcome variables while allowing the remaining factor

to take its observed values. Then, the predicted outcomes are compared to the path

of the baseline predictions where all four factors take their observed values. This
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procedure removes the influence of three of the four causative variables and thus

allows the isolation of the effects of the remaining factor on the lobster population

and the fishery. For instance, the effect of high water temperature is investigated by

holding DO, the bait:lobster price, and the fuel:lobster price constant at their sample

average and comparing the predicted path for each outcome with the baseline path.

Summarizing, the first set of simulations investigates the effects of one-time

shock of the causative variables by setting these variables to their means one at a

time to simulate what would have happened in the absence of a shock. By holding

three of the four causative factors constant at their sample means, the second sim-

ulation investigates how lobster population, effort, and harvest would have been in

the absence of the effects of the three causative variables that are held constant at

their sample means. This allows a qualitative examination of how each population

cohort, effort, and harvest co-varies with variations in each of the four causative

variables.

First set of simulations: one-time shock in 1999

With this simulation, the effects of the one-time 1999 shock in stressful tempera-

ture, oxygen concentration, and the relative prices on lobster population, effort, and

harvest are examined. This analysis indicates how responsive population cohort,

effort, and harvest are to each causative factor.

Results for the effects on the total quantities are presented in the upper part

of table 2.7. Changes in economic factors driving fishing pressure and dissolved

oxygen appear to have had the largest effect on the LIS lobster fishery in the 1999–
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2006 period. In 1999, the ratio of bait price to lobster price was about 12 percent

lower than its 1987–2006 average. This indicates that in that year, fishing was

more profitable than on average. In response, the number of traps fished rose by 24

percent, while the catch rose by more than 11 percent. The cumulative biomass of

legal-size lobsters was almost 11 percent lower than it would have been if the bait–

lobster price ratio had remained at its mean; the biomass of recruits and pre-recruits

were 0.4 percent and 1.15 percent lower, respectively. The largest impact was on

legal-size lobsters because they directly suffer from fishing mortality and due to the

effects of the smaller classes through reproduction in the following years, i.e., four

years after for pre-recruits and five years after for recruits.31

The ratio of fuel price to lobster price in 1999 was more than 36 percent lower

than its 1987–2006 average. Consequently, the cumulative trap use increased by

more than 10 percent, while the cumulative catch rose by 5 percent. The biomass

of adult lobsters (legals) was more than 5 percent lower than it would have been

if the bait–lobster price ratio had remained at its mean. Recruits and pre-recruits

were only slightly influenced by the effect of a lower fuel price with a decrease of

0.19 and 0.56 percent, respectively.

Changes in oxygen concentration have direct effects on lobster population by

affecting natural mortality. The estimated model indicates that DO affects the

lobster population mainly via reproduction, i.e., through the effects on pre-recruits.32

In 1999, the dissolved oxygen concentration was more than 4 percent below its

31For example, a four-year lag for pre-recruits is due to the three-year lag of reproduction plus
the one-year lag due to the effect of fishing mortality on legal lobsters.

32The coefficients on the effects of DO are not statistically significant for the legal- and recruit-
size lobsters.
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average. The cumulative biomass of legal-size lobsters decreased almost 2 percent

in response, while the biomass of the recruits and pre-recruits class decreased 1.55

percent and 2.10 percent, respectively. Consequent to the change in the legal-size

lobsters the number of traps used was 1.34 percent and catch was 2.5 percent lower

than it would have been if DO had remained at its mean.

Results also indicate that a one-time increase in the stress index induces a small

negative effect on total population biomass and the fishing industry. Although the

temperature stress index in 1999 was 39 percent higher than its 1987–2006 average,

the changes in lobster biomass, fishing effort, and catch were 4, 3.75, and 6.38

percent different from the model predictions when the stress index was held at its

average.

Since the magnitude of the shocks in high temperature, DO, and price ratios

are not of the same size, it is not easy to interpret their effects on the outcome vari-

ables unless all the changes are made relative to a shock of a common magnitude.

To make them comparable, the percentage change of the cumulative sum of popula-

tion biomass, effort, and harvest over the subsequent years induced by a 1 percent

change in the causative factors is calculated. This measure is calculated with refer-

ence to the sample average of the causative variable.33 Results for the percentage

changes are presented in the lower part of table 2.7. They indicate that a 1 percent

33Define the vector of the cumulative sums to be y = (legal, recruit, pre–recruit, traps,
harvest), while the causative variables are defined by the vector z = (DO, stress index, bait:lobster
price, fuel:lobster price). The measure of responsiveness, or percentage change, is calculated as
µyz = (∆y(z)/∆z) (z/y(z)), where ∆y(z) = y(baseline) − y(z), ∆z = z(baseline) − z, and z indi-
cates the 1991–2006 average for z; also y(baseline), for example, indicates that predictions for y
are evaluated for the baseline case, while y(z) means that they are evaluated at the sample average
of the variable z.
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increase in the ratio of bait price to lobster price largely affects fishing effort and

catch, which decrease by 1.97 and 0.94, respectively, and increases legal-size lobsters

by 0.88 percent. A 1 percent increase in the fuel:lobster price has a negative effect

on the use of traps by 0.29 percent and harvest by 0.14 percent. It also increases

legal biomass index by 0.15 percent, while the effects on recruits and pre-recruits are

negligible. A 1 percent change (increase) in DO in 1999 generates changes between

0.3 and 0.5 percent change (increase) in the cumulative biomass calculated over the

period 1999–2006 for legals, recruits, and pre-recruits. Effort and harvest are also

responsive to changes in DO, indicating that increasing oxygen concentrations also

have positive effects on the industry, with 0.29 and 0.55 percent, respectively.

Summarizing, a one-time shock in 1999 in the concentration of dissolved oxy-

gen and the bait:lobster relative price had the largest impact on the lobster popula-

tion and its fishery in the following period. In addition, contrary to what is indicated

by fisheries biologists (Pearce and Balcom, 2005), high water temperature appears

to have relatively small negative effects on the LIS American lobster fishery. This

implies that it takes a very large shock in the stress index, i.e., a large increase in

the high-temperature area, to influence the lobster population and its fishery in any

substantial way.

Second set of simulations: Holding two factors at a time for 1999–2006

In this simulation, the effects of stressful temperature, dissolved oxygen, and bait:lobster

and fuel:lobster prices are isolated by removing the influence of three of these four

causative variables at a time. The predicted populations, effort, and catch with
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three variables set to their mean are calculated, and then each outcome is compared

to the corresponding baseline prediction (i.e., when all the variables are set to their

observed levels). The predictions for the four cases and the baseline are shown in

figures 2.10–2.14. The legend indicates the variable that is left at its observed values

and thus influences of each class of the dynamics of the lobster population and its

fishery.

The relative influence of each factor is examined by comparing the time path

for each case to the baseline case, where all the four factors are allowed to take

their observed values. When the time path for the factor that is allowed to vary

correlates with the baseline path, this indicates that the varying factor affects the

year-to-year fluctuations of the endogenous variable that is examined. When the

two time paths are far apart (distant), it means that the effect of the (causative)

factor does not (strongly) drive the dynamic of the endogenous variable. In contrast,

when the paths are “close,” it means that the dynamic of the endogenous variable

is largely determined by the factor that is being isolated. This analysis allows the

prediction of what would have happened if the effect of one single causative factor

was operating during the 1999-2006 period. Also, it helps to detect the different

timing of the shocks influencing the lobster population and its fishery.

As the simulation shows, both the effects of the bait:lobster price and stressful

temperature dominated the dynamic of the legal lobster population for the first three

years after the shock (green and red lines in figure 2.10). This is indicated by the

fact that those lines track the baseline predictions (blue line) reflecting the influence

of such variables. After 2001, the paths diverge from the baseline, which is instead
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tracked more closely by the predictions obtained isolating the effects of dissolved

oxygen. The time path obtained by isolating the effect of stressful temperature

conditions is positively correlated with the baseline path (red line). However, the

two paths are rather distant for most of the time period. This suggests that after

2001, dissolved oxygen drives the natural mortality of the adult cohort, while high

water temperature largely affects year-to-year fluctuations.

Oxygen influences the lobster population mainly through reproduction, which

affects the legal-size lobsters with at least a three-year time lag. In fact, the baseline

predictions for both the recruit and pre-recruit class track the predictions reflecting

the influence of DO (purple line in figures 2.12 and 2.13). This seems to indicate that

individuals belonging to smaller cohorts are less able to avoid hypoxic areas. Figure

2.10 also shows that the path obtained isolating the effect of stressful temperature

positively correlates with the baseline. This clearly indicates that high temperature

influences the year-to-year fluctuations of the adult population. However, it is not

easy to identify the effects of a single causative factor for the adult dynamic. So it

seems that synergistic relationships between causative factors are strong.

To further analyze this, what would have happened if only the effects of DO

and stressful temperature were operating in the time period is simulated (orange

dashed line in figure 2.11). The graph clearly shows that this time path tracks

the baseline very well. This indicates that DO and stressful temperature together

largely determine the dynamics of the adult lobster population for the considered

period. Thus, adult lobsters are mostly affected by habitat conditions.

The dynamic of the fishing effort is almost solely explained by the effects of the
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bait:lobster relative price; this is evident because of how well the baseline for trap

use tracks those for the price ratio (figure 2.14). This suggests that, as expected,

fishing effort is mainly determined by the marginal cost of effort represented mostly

by the bait:lobster price and less by the influences of fuel cost, which also does not

have a strong influence on the lobster population.

As for the adult population, the dynamic of harvest seems to present a more

complicated picture (figure 2.15). In the short-run, the first three years, it is the

bait:lobster price ratio that drives catches, probably through their effects on the legal

lobsters. Subsequently, environmental factors, especially dissolved oxygen, become

the key factors through their effects on reproduction. To further investigate the role

of the bait:lobster price and dissolved oxygen, their effects on harvest are simulated

by holding fuel:lobster price and stressful temperature (figure 2.16). However, it

could be that stressful temperature has a stronger effect than the bait:lobster price

on harvest, as in the case for adult population. To check for this, predictions are ob-

tained by holding fuel:lobster and bait:lobster at their sample average (figure 2.17).

The predictions obtained by isolating the environmental factors, DO and stressful

temperature, track the baseline very well throughout the whole period, showing that

the bait:lobster relative price and dissolved oxygen were the main determinants of

harvest dynamics, while stressful temperature played a less-important role.

In summary, these results suggest that the concentration of dissolved oxygen

had the greatest effects on the LIS lobster population and fishery. Lobsters in

the adult cohort were also sensitive to high water temperature when this was the

stressful threshold of 20.5℃, while other cohorts were mainly dependent on oxygen
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concentration, especially pre-recruits. Therefore, regarding the latter, it takes a two-

year lag for these changes to influence legal class lobsters. Fishing pressure depends

on the relative price of bait and lobster. As a result, harvest depends mainly on the

bait:lobster price in the short-run and on dissolved oxygen in the long run. In other

words, economically induced fishing pressure was the principal short-term cause of

the collapse of the fishery while dissolved oxygen was the major causes over the long

run.

2.5 Policy Implications

This analysis suggests that protection of the lobster population and its fishery can be

done more effectively first by controlling pollution and then by regulating the ineffec-

tiveness of fishery management. These are two inefficiencies that can be controlled

through policy intervention. Nutrient over-enrichment (eutrophication) can lead

to hypoxia, i.e., low dissolved oxygen in the water column, particularly in coastal

waters or semi-enclosed areas, causing loss of habitat and fish kills and eventually

leading to reductions in fisheries production (Caddy, 2000; Breitburg, 2002). High

water temperature impacts lobster mortality both directly and indirectly through

its interaction with oxygen by intensifying the effects of oxygen depletion by reduc-

ing habitat suitability and increasing oxygen consumption for growth (Breitburg,

2002; Pörtner and Langenbuch, 2005). Fishing pressure can also exacerbate these

detrimental effects on coastal marine species by driving the natural resource to un-

sustainable levels (Caddy, 2000).
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Nitrogen is the main determinant of eutrophication in estuarine and coastal

marine ecosystems, mostly affecting benthic fauna (Diaz and Rosenberg, 2008; Con-

ley et al, 2009). Eutrophication can be reduced by controlling nutrient inputs. How-

ever, as indicated by Smith (2007), it is important to address proper institutional

failures like open access before all of the benefits from pollution reduction could be

realized. In fact, under inefficient management, improving habitat conditions may

provide benefits to consumers but not additional rent for the industry (McConnell

and Strand, 1989).

While it is known that under a de-facto open access in the long term rents

will dissipate, improving environmental conditions may generate rents in the short

term. That is why it is interesting to investigate the impacts of a policy that would

increase oxygen concentration on the local lobster population and industry. To

gain some insights, I simulate the rent that can be extracted from the LIS lobster

industry under realistic policy scenarios on oxygen concentrations. The net present

value of the industry rents are then calculated under each scenario and compared

to available estimated costs on the policies actually implemented in the LIS area.

Targets for dissolved oxygen for the bottom waters of the Sound have been

established in order to avoid the occurrence of hypoxic areas (LISS, March 1994).

These targets were scheduled to be achieved through the implementation of Total

Maximum Daily Loads (TMDL) for nitrogen that can be discharged into the LIS.

These limits were established to achieve the dissolved oxygen standards for CT and

NY. However, both limits of 6.0 mg/l for CT and 5.0 mg/l for NY are often violated

each summer in the bottom waters. The policy requires the removal of 58.5 percent
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of in-basin, point, and nonpoint source nitrogen loadings over a 15–year period to

be met by the year 2015 (NYDEC and CTDEP, 2000). The policy program was

designed to be implemented in phases. The first phase required the freeze of nitrogen

loadings at 1990 levels, acting mostly on sewage treatment plants, to prevent the

worsening of hypoxia. This was followed by a process of nitrogen reductions aimed

at reducing the extent of hypoxia, phase II. The third phase (phase III) was aimed

at meeting the standards for dissolved oxygen in the Sound, but this could not

be achieved and two additional phases of nitrogen removal had to be introduced.

Each phase of the nitrogen load reduction policy was designed to yield specific

improvements in the minimum dissolved oxygen in LIS waters starting from the

baseline scenario for the loadings of 1988 (NYDEC and CTDEP, 2000, p.30).34

In the following analysis I run simulations with DO improvements equal to levels

targeted by the nutrient load reduction policy for LIS and I calculate the effect on the

short run industry rent.35 This allows me to simulate the effects of the compliance

with proposed TMDL standard for the LIS area.

To investigate the effects of TMDL standards first it is necessary to identify

the formula to calculate the industry rent. The dynamics of fishing effort is assumed

to be determined by the profitability of the fishery. In other words, fishing pressure

is proportional to profit (Smith, 1968; Bjørndal and Conrad, 1987b, e.g.,). Following

Bjørndal and Conrad (1987b,a) it is assumed that the effort dynamic will depend

34The 1988 model represents the more critical condition.
35Such improvements are different for CT and NY. I choose the improvements for CT because

under each phase CT waters will achieve a higher DO than in NY waters so it is likely that if
improvements in CT waters are realized also improvements in NY will also be realized.
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on the normalized profit

Trapst − Trapst−1 = η
πt−1
pt−1

Trapst−1 (2.10)

where π is per-trap profit and η is an adjustment parameter expressing the sensitivity

of fishing pressure to changes in profit. Let per-trap profit be πt = α + ptqLt −

c1wb,t − c2wf,t, where q is the catchability coefficient, α, c1, and c2 are constants.

It can be noticed that the term qLtTrapst represents total harvest in the classical

Gordon-Schaefer form. Rearranging, equation (2.10) can be rewritten as

Trapst
Trapst−1

= 1 +
ηα

pt−1
+ ηqLt−1 − ηc1

wb,t−1
pt−1

− ηc1
wb,t−1
pt−1

(2.11)

In the empirical model, the industry dynamic is modeled as the rate of change in

trap use by the following equation

Trapst
Trapst−1

= δ0 + δ1Lt−1 + δ2
wb,t−1
pt−1

+ δ3
wb,t−1
pt−1

(2.12)

where δ0 incorporates also the dummy variables included in equation (2.9). By

comparing the equations (2.11)–(2.12) it can be noticed that the coefficients of the

theoretical equation (2.11) can be recovered by using the estimated parameters of

equation (2.12):

η =
δ1
q

; α =
(δ0 − 1) p

η
; c1 =

δ2
η

; c2 =
δ3
η
. (2.13)
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With these parameters the per-trap rent is

πt = (δ0 − 1) pt
q

δ1
+ ptqLt −

δ2q

δ1
wb,t −

δ3q

δ1
wf,t. (2.14)

Knowing q, I can identify η and the rest of the parameters of the per-trap profit equa-

tion. In the legal lobster equation, equation (2.5), the term α3Lt−1Trapst−1 corre-

sponds to a Gordon-Schaefer production function, which is analogous to qLt−1Trapst−1

of equation (2.10). Hence, I can use the estimate for α3 to set q and then derive

η. It is worth to notice that since L is the legal lobster biomass index and so

α3Lt−1Trapst−1 is the estimated index for the harvest, hence π can be interpreted

as the predicted index for the per-trap rent (dollars per trap at each sampled site).

Using the estimated models for the lobster population and the fishing industry,

equations (2.5)–(2.9), I simulate the time path of the industry rent under different

policy scenarios. The later phases of the nutrient load reduction policy predict

improvements of 0.7 (phase III), 0.9 (phase IV) and 2.6 (phase V) mg/l on the 1988

baseline that would lead to a 3.4 mg/l minimum DO in CT waters (NYDEC and

CTDEP, 2000, p.30). These represents increases of 20.6, 26.5, and 76.5 percent for

these policies, respectively. Furthermore, EPA indicates that 4.8 mg/l represents the

chronic growth criterion and 2.3 mg/l the juvenile/adult survival criterion (NYDEC

and CTDEP, 2000, p.8). Thus, the effects of an increase of 20.6 percent and a

decrease of 32.4 percent on the baseline are also investigated. To investigate the

effects of such scenarios of oxygen improvements I simulate the time path of the
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industry rents and legal size lobsters.36

Figure 2.18 and 2.19 show the paths for the biomass index of the legal size

lobsters and the industry rent under the six scenarios, starting from the sample

averages for all variables, including a baseline DO of 5.47 mg/l. Rent is expressed

in dollar per-trap profit per each site that can be sampled in the Sound. Figure 2.18

shows that legal lobsters biomass will largely increase over the baseline as a result

of increases in DO concentrations. The increases are substantial for the first 10-year

period. Later, the biomass index will converge towards a steady state of about 0.33

kg/tow under each scenario. Interestingly, in the case of a large decrease in DO

concentrations, minus 32.4 percent to an average of 3.7 mg/l, the index would drop

immediately to its steady state level.

Figure 2.19 shows that in the short run positive rents can be extracted from

the industry even though in the long run rents dissipate. Rents are increasing in

average DO concentrations meaning that increasing oxygen concentrations will lead

to higher profits in the short run. It can also be noticed that a large decrease of

DO would lead to the immediate dissipation of rents. This indicates that improving

oxygen conditions in LIS would lead to higher short term lobster population and

positive rents despite the open access nature of the fishery.

The extent of these benefits can be evaluated. First, I calculate the present

and annualized values of rent over an infinite time horizon in each case. Then, I

36Although, TMDL standards specify minimum DO concentrations, the data used in the econo-
metric analysis of this chapter are area-weighted averages. To estimate the impact of increasing
minimum DO on average DO concentrations it is assumed that the TMDLs policy simply shift the
entire distribution of DO concentrations to the right. Thus, the average DO increases by the same
percentage as the minimum DO.
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compare the increase rent to available estimates of TMDL costs as a rough check on

the relative size of the benefits due to increased fishery rent in the long run. The net

present value is calculated as NPV =
∑T

t=0 πt/(1 + r)t, where r is the discount rate

that is assumed to be set at 4 percent. This gives the net present value expressed in

dollar per-trap per each site. This provides a lower bound on a break-even present

value cost of each policy scenario. To expand this value to the total LIS, this is

multiplied by the total number of sites that can be sampled in the trawling survey,

482, and by the average number of the traps used in LIS over the sample period. The

annualized values of rent are calculated as AV = NPV r(1 + r)n/[(1 + r)n−1], when

n indicates the duration of the project, assumed to be 15 years.37 The annualized

value is a lower bound on yearly costs for each scenario.

It appears that each policy scenario of increasing dissolved oxygen has positive

net present social benefits (table 2.8). Specifically, increasing the average dissolved

oxygen by the same increase considered under phase III of the nitrogen program

(increase of 20.6 percent) yields a net present value of little over $2 million. This

would translate in an annual benefit of around $190 thousand over a 15-year period.

Under phase III, the cost of implementing the reduction actions was estimated in

the order of $650 million (NYDEC and CTDEP, 2000, p.23). Bennett et al (2000)

estimate the costs associated to phase III under three different nutrient trading

scenarios for point sources. The range of costs is between $625.14 and $781.48

million for the entire LIS area. These costs are much larger than the simulated

37This seems to be a reasonable time span for a policy to achieve its goals. For instance, under
Phase III a nitrogen reduction target of 58.5 percent is proposed to be achieved in 15 years (NYDEC
and CTDEP, 2000, p.24).
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benefits to the lobster fishery from the compliance with the TMDL policy set for

phase III. However, the simulated rents are lower bound estimates of the monetary

benefits to human uses of the body of water due to increases in DO concentrations.

This is because they ignore any intrinsic value of a higher stock and any estimate

of the additional ecosystem services obtained by improving habitat conditions such

recreational services or other amenities.38

The compliance with the additional nutrient load reductions yields, of course,

higher benefits. An increase of 26.5 percent, corresponding to an increase in average

DO to 6.92 mg/l under phase IV, would yield $2.4 million in short term fishery

rents. On an yearly basis, this DO improvement would allow to raise $215 thou-

sand. Reducing nitrogen loads to the pre-colonial level, translate into an increase

of 76.5 in the average DO with a net present value of about $4.5 million and an

annualized value of 400,000. Such increases yield 4/6-fold increments of the fishery

rent. Unfortunately, at the state of my knowledge there are no cost estimates re-

lated to these two policies to which these figures can be compared. Nevertheless,

reducing nitrogen even further would require a larger share of implementation costs.

Finally, a reduction of loadings that would achieve a minimum DO equals to critical

juvenile/adult survival criterion would produce a large loss in the local economy.

Rents would be negative indicating the presence of social costs in the order of $3.5

million for an oxygen reduction of more than 30 percent.

Summarizing, two things are worth noticing. First, although regardless any

38LIS annual revenues contributing to the local economy are estimated in $5 billion (in 1990
dollars) due to recreational activities (LISS, March 1994, p.2).
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increase in oxygen concentration in the long term rent dissipates, there seem to be

substantial short term benefits. This contrast with much of the bioeconomic lit-

erature, which assumes that rents are always zero under open access. Second, the

benefits from improving environmental quality are quite small relatively to the costs

born to induce such improvements. However, The American lobster fishery rents are

only a portion of the benefits potentially accruing from other commercial and recre-

ational fisheries and other values generated from (e.g.) other recreational activities

in LIS. Anyway, higher benefit could be captured by rationalizing the fishery (Mc-

Connell and Strand, 1989; Smith, 2007; Huang and Smith, 2011). These estimates

of benefits provide guidance for sustaining the natural habitat of the Sound. For

instance, it indicates that positive rents can be extracted from the lobster fishery

regardless its inefficient management. This potential benefits to lobstermen could

be used to finance part of the nutrient load reduction programs through the mecha-

nism of a user-pays principle (with government involvement). Finally, this analysis

confirm the indication of the recent on ecosystem-based fishery management (e.g.,

Smith, 2007) that policies on fisheries and nutrient loadings management should be

integrated rather than made by different agencies.

2.6 Concluding Remarks

This chapter has investigated the role of anthropogenic and environmental factors

in the collapse of the Long Island Sound American lobster fishery. These include

economic factors that induce fishing pressure and environmental factors such as the
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concentration of dissolved oxygen and high water temperature. They express the

influence of the inefficient management of the fishery, the pollution that depletes

the concentration of oxygen in the water column, and the stress that high water

temperature produces on the lobster population and the fishery of Long Island

Sound.

These factors can potentially increase the mortality of the natural population.

Given the synergistic relationship between multiple stressors, it is difficult to disen-

tangle the effects of such factors. To do so, a counterfactual scenario was constructed

that allows the isolation of the effects of each of the factors that have influenced the

LIS population and its fishery as opposed to what was observed. This allowed me

to examine how environmental factors and the lack of proper management of the

fishery contributed to the mortality the fishery experienced in the late 1990s.

The model is based on a simple econometric model that tracks the actual dy-

namics of the lobster population and fishing effort reasonably well. This allows the

identification of the marginal effects of temperature, dissolved oxygen, and econom-

ically induced fishing pressure on lobster stocks. Estimates show that high water

temperature has a negative although small impact on each cohort of the lobster

population, but the effect is mitigated by higher concentrations of dissolved oxygen.

Fishing mortality is significant, and fishing effort responds to stock abundance, eco-

nomic variables, and management policies.

As the simulations show, oxygen concentration and the relative bait price were

the main determinants of the population levels and the fishery over the study period.

As opposed to what has previously been suggested, stressful conditions induced by
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high water temperature were not the main factor responsible for the die-off. Changes

in the oxygen concentration played the greatest role in determining population abun-

dance through its effect on reproduction. Nevertheless, stressful temperature was

an important factor determining the dynamics of the adult population. However, it

mostly affects year-to-year fluctuations in population biomass, and it would take a

very large temperature shock to influence the fishery. Economically induced fishing

pressure had the greatest short term effects, while oxygen concentrations had the

greatest long-term effect.

Nitrogen is the main determinant of eutrophication in estuarine and coastal

marine ecosystems, mostly affecting benthic fauna (Diaz and Rosenberg, 2008; Con-

ley et al, 2009). Eutrophication can be reduced by controlling nutrient inputs.

However, as indicated by Smith (2007), it is important to address proper institu-

tional failures like open access before all of the benefits from pollution reduction

could be realized. In fact, according to McConnell and Strand (1989), improving

habitat conditions under inefficient management may provide benefits to consumers

but not additional rent for the industry. However, they compare open access and

optimal management only at the steady states, which prevents from observing the

accruing of short term rents, as it was shown in this chapter. Furthermore, in the

case of the LIS lobster fishery, the lobster price is set by the Maine market, and

there may not be social returns from water-quality improvements. Nevertheless,

there may be a local demand for freshly caught lobsters where the price, although

related to the main market price (Maine), is endogenous. In this case, there may

be (consumer) welfare gains from reducing pollution unless the increase in demand
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induced by better lobster quality drives price up (McConnell and Strand, 1989).

Overall, this analysis suggests that remedying existing inefficiencies such as

hypoxia due to pollution and overfishing due to inefficient management may be the

most important way to address likely problems in coastal fisheries like the Long

Island Sound lobster fishery, which can worsen due to the influence of global warm-

ing. Nutrient loadings depend on meteorological events and anthropogenic activities

such as runoff from agricultural and urban areas, effluents from sewage-treatment

plant, and atmospheric depositions. Since hypoxia is highly influenced by freshwa-

ter discharge from rivers and water temperature, global warming could potentially

increase the frequency and the extent of hypoxic phenomena by affecting rainfall

patterns and temperature with consequent negative impacts on fisheries (Solomon

et al, 2007; Diaz and Rosenberg, 2008; Rabalais et al, 2009). Furthermore, this may

prevent the recovery of overexploited fish populations (Scavia et al, 2002).
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Table 2.1: Estimation Results of the WLR for American lobster Population of LIS

Coeff T-stat CI 95%

a 0.000924 7.5383 [0.000683; 0.001164]
b 2.9619 94.786 [2.9006; 3.0231]

R2 0.988
N. obs 2046

Table 2.2: Changes in Minimum Size Restrictions (source: (Howell et al, 2005;
Giannini and Howell, 2007))

Class Year Size

Pre-recruit 1984-1988 less than 71 mm
1989 less than 72 mm
1990- less than 73 mm

Legal 1984-1988 greater than 80.9 mm
1989 greater than 81.7 mm
1990-2003 greater than 82.5 mm
2004-Aug 2005 greater than 82.6 mm
Sep 2005-Jun 2006 greater than 83.3 mm
Jul 2006- greater than 84.1 mm
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Table 2.3: Summary Statistics for Population Dynamics Dataset (1991–2006)

Variable Mean Std. Dev. Min. Max.

Legal 0.504 0.393 0.011 1.494
Recruit 1.3 0.723 0.309 3.145
pre-recruit 1.199 0.651 0.262 2.785
Stress Index 70.835 28.278 31.784 115.860
DO 5.176 0.947 2.553 6.351
Traps 350.409 127.065 178.988 570.135
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Table 2.4: Estimation results for Lobster Population Dynamics

Variable Coefficient (Std. Err.)

Equation (2.5)
Intercept 0.354 (0.141) **
Legalt−1 0.775 (0.306) **
Recruitt−1 0.076 (0.109)
Trapst ∗ Legalt−1 -0.001 (0.0005) *
Stresst -0.009 (0.003) ***
Stresst ∗DOt 0.001 (0.0005) **
D97 0.986 (0.147) ***

R2 0.848

Equation (2.6)
Intercept 0.409 (0.226) *
Pre–recruitt−1 0.559 (0.101) ***
Stresst -0.008 (0.005)
Stresst ∗DOt 0.0019 (0.0009) **
D97 1.798 (0.251) ***

R2 0.871

Equation (2.8)
Intercept -0.044 (0.311)
SSBt−3 -0.262 (0.084) ***
Stresst -0.024 (0.007) ***
Stresst ∗DOt 0.004 (0.001) ***
D97 0.759 (0.362) **

R2 0.632

Note: Single (*), double (**), and triple asterisks (***) denote

significance at 10%, 5%,and 1% levels, respectively.

Table 2.5: Summary Statistics for Industry Dynamics Data (1987–2006)

Variable Mean Std. Dev. Min. Max.

Traps fished 318.386 132.507 117.586 570.135
Legal 0.523 0.357 0.011 1.494
Price ME 4.125 0.491 3.551 5.250
Bait NE 0.086 0.011 0.071 0.107
Fuel EAST 50.4 15.359 32.118 94.186
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Table 2.6: Estimation Results for Industry Dynamics, Equation (2.9)

Variable Coefficient (Std. Err.)

Intercept 2.311 (0.242) ***
Legalt−1 0.238 (0.083) **
Bait:Lobster Relative Pricet−1 -50.254 (11.804) ***
Fuel:Lobster Relative Pricet−1 -0.141 (0.006) **
Floyd -0.722 (0.092) ***
Moratoria -0.177 (0.037) ***
Buy − back -0.267 (0.025) ***
Methodology -0.412 (0.164) **

ρ -0.912

R2 0.986
N.obs 19
D–W (original) 3.012
D–W (transformed) 2.728

Note: Double (**), and triple asterisks (***) denote 5%,and 1% levels, respectively.
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Figure 2.1: Total Landing, Trap use, Licenses, and Biomass index for legal class
lobsters. Data from CTDEP and NYSDEC.
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Figure 2.2: Stress Index for Long Island Sound. Data from CTDEP.
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Figure 2.3: Dissolved Oxygen concentration (near bottom) for Long Island Sound.
Data from CTDEP.
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Figure 2.4: Ratio of Bait price and lobster price. Data from NMFS.
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Figure 2.5: Ratio of Fuel price and Lobster Price. Data from NMFS.
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Figure 2.6: Observed and predicted legal biomass index
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Figure 2.7: Observed and predicted recruit biomass index
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Figure 2.8: Observed and predicted pre-recruit biomass index
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Figure 2.9: Rate of change in trap use
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Figure 2.10: Legal stock, permanent shock from 1999
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Figure 2.11: Legal stock, permanent shock from 1999

0.3

0.4

0.5

0.6

0.7

0.8
Kg

/t
ow

Legal stock

0

0.1

0.2

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

baseline Fuel:Lobster Price Stress Index Bait:Lobster Price DO DO and Stress

86



Figure 2.12: Recruit stock, permanent shock from 1999
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Figure 2.13: pre-recruit stock, permanent shock from 1999
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Figure 2.14: Traps use, permanent shock from 1999

100

150

200

250

300

350
ra
ps
 fi
sh
ed

 (1
,0
00

)

Traps

0

50

100

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

Tr

baseline Fuel:Lobster Price Stress Index Bait:Lobster Price DO

89



Figure 2.15: Harvest, permanent shock from 1999
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Figure 2.16: Harvest, permanent shock from 1999
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Figure 2.17: Harvest, permanent shock from 1999
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Figure 2.18: Legal size lobsters under different policy scenarios
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Figure 2.19: Per-trap rent under different policy scenarios
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Chapter 3

The Influence of Serially Correlated Shock on a Long Run

Escapement Policy

3.1 Introduction

Natural populations live in stochastic environments, as a result of which, the avail-

ability of renewable resources like fish stocks fluctuate randomly due to the influence

of unpredictable environmental changes. For instance, when fluctuations are due to

climatic variability, e.g., weather patterns, the random fluctuations are correlated

over time. This affects the dynamics of the population influencing the fluctuations

and the persistence of the populations.

When environmental factors change slowly over time, e.g., raising temperature,

the stochastic fluctuations of population are likely to be positively autocorrelated

(Lawton, 1988). In this case, conditions in the coming year are expected to be simi-

lar to that in the current year (persistence), increasing the likelihood of consecutive

years of favorable or unfavorable conditions with consequent population fluctuations

(Wilmers et al, 2007). In contrast, negative temporal correlation implies that condi-

tions in the next year are expected to be different from the current year (transiency),

leading to smaller population fluctuations (Wilmers et al, 2007).

The sizable scientific literature (e.g., Ripa and Lundberg, 1996; Petchey and
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Wilson, 1997; Ripa and Heino, 1999; Schwager et al, 2006; Wilmers et al, 2007) on

the consequences of temporal correlation on populations. For instance, assuming

uncorrelated (i.i.d.) environmental noise can lead to obtaining bias estimates of the

population variability and thus of the risk of extinction (Halley, 1996). However, the

effect of temporal correlation of the environmental noise depends upon the dynamic

behavior of the population, the type of autocorrelation, and the frequency and mag-

nitude of the noise like the occurrence of catastrophic events. If the occurrence is

frequent and the population has an overcompensatory (strong) density dependent

dynamic, increasing positive temporal correlation of environmental fluctuations de-

creases the risk of extinction (Schwager et al, 2006). On the other hand, increasing

large magnitudes of negative autocorrelation decreases the risk of extinction while

the latter increases for smaller magnitude of negative correlation (Ripa and Lund-

berg, 1996). For populations with an undercompensatory (weak) density dependent

dynamic the effect is reversed when catastrophic events are excluded (Petchey and

Wilson, 1997; Schwager et al, 2006), at least not until very high autocorrelation is

reached (Schwager et al, 2006).

Very little attention has been given to negative autocorrelation because it

is suggested that environmental variability often shows positive autocorrelation.

Nevertheless, it is argued that overcompensating populations suffer the most from

negatively correlated environmental noise (Ripa and Heino, 1999). Understanding

how environmental noise affects the stability of natural populations has important

implications for the long term conservation of harvested renewable resources. The

temporal correlation in environmental variation largely influences the amplitude of
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population variation. For instance, future global warming could lead to increasingly

intense population fluctuations, due to an increase in the frequency of favorable

environmental conditions (increased positive autocorrelation) (Wilmers et al, 2007).

Therefore, understanding how populations respond to autocorrelated environmental

conditions increases the ability to form expectations about future production shocks,

which can, in turn, help improve the management of harvested renewable resources,

in order to mitigate the effects of large population fluctuations.

In this chapter, I analyze the dynamics of an open-access renewable resource

(fish stock) whose growth function (recruitment) is influenced by autocorrelated en-

vironmental random disturbances that are linked to environmental conditions. The

main question addressed in this chapter is: How do serially correlated random shocks

affect the conservation of an open-access renewable resource? In the economic lit-

erature (e.g., Olson and Roy, 1996, 2000), conservation is conceived as avoiding

extinction by maintaining natural stock above a safe level. Instead, this chapter

focuses on investigating how shocks affect the long run distribution of stock escape-

ment. More specifically, it examines how the expected value of stock escapement

depends on the parameters that determine the distribution of environmental shocks.

In answering this question I also characterize how the maximum and minimum es-

capement policy functions, and the support (range) of its distribution depend on

these parameters. The support of the distribution represents one measure of the

population’s variability. An analysis of how serially correlated shocks influence the

long run conservation of a natural population has not been done (analytically) and

hence I propose to fill this gap.
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To address this question, the convergence properties of open access policies

in the context of a serially–dependent dynamic growth model need to be discussed

first. This requires stating the conditions under which the stochastic process of

the stock converges to a unique limiting distribution. Unlike deterministic models,

when resource growth is stochastic due to random shocks, the stock does not attain a

steady state represented by a single equilibrium point. Instead, the evolution of the

stock is described by a probability distribution which depends upon the realizations

of the random disturbance. Nevertheless, under certain conditions the optimal stock

converges to a unique stationary distribution which is the stochastic equivalent to

a steady state.

The issue of the convergence to unique stationary distribution is widely dis-

cussed in the literature of the theory of optimal growth under uncertainty. The

most relevant literature for this chapter starts with Brock and Mirman (1972) and

Mirman and Zilcha (1975) where they analyze the long term behavior of optimal

capital stock whose productivity is influenced by random disturbances. For a model

with stock-independent rewards, they show that when optimal consumption and

investment policies are continuous and nondecreasing function of capital stock the

optimal policies converge to a unique limiting distribution defined over an invariant

interval. The proof of the properties and convergence of the optimal policies is not

the only focus of this literature.

In a later article, Danthine and Donaldson (1981) examine how the mean,

range, and variance of the stationary distribution of consumption-saving policies
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change due to changes in some parameters of the model.1 In these models, the

utility (reward) function of the economic agent is independent of stock. However,

this does not represent the typical setting for renewable resource models, where

harvest decisions depend upon the level on the size of the resource. Nyarko and Olson

(1991) extends the previous literature (e.g., Brock and Mirman, 1972; Mirman and

Zilcha, 1975) to the case of stock-dependent rewards. They show that with stock-

dependent rewards the existence of a unique limiting distribution for the stock is

ensured by imposing complementarity conditions on preferences and technology.

As said, a standard approach in models of renewable resource allocation under

uncertainty is to assume that disturbances are identically and independently dis-

tributed (i.i.d.). This is also a typical assumption in the literature on the theory

of optimal growth under uncertainty (e.g., Brock and Mirman, 1972; Mirman and

Zilcha, 1975; Danthine and Donaldson, 1981; Nyarko and Olson, 1991). Donald-

son and Mehra (1983) extend this allowing capital stock productivity to be affected

by serially correlated disturbances. Under this condition, they demonstrate the

existence of optimal policies and the convergence of capital stock to a stationary

distribution. They further note that when disturbances are serially dependent, the

current realization of shocks contain information on the future realization of shocks

and so on the distribution of future stock. Hence, they examine the role of expecta-

tions by illustrating how changes in the parameters of the distribution function of

the correlated shocks affect the consumption and investment policies. Using a para-

1They investigate the effects of shifts in the discount factor and the curvature of the utility
function to model the effects of changes in time preferences and risk aversion.
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metric example for a similar model, Danthine et al (1983) numerically investigate

how changes in the correlation in the productivity shock affect the mean and the

variance of the stock, consumption, and investment policy functions. Specifically,

they report that the asymptotic mean of the capital shock increases with shocks

that are positively correlated.

The literature on renewable resource allocation under uncertainty has yet to

address this issue. For instance, several papers study the optimal management

of a stochastic renewable resource, where the random environmental shocks are

independent and identically distributed (Reed, 1978, 1979; Mirman and Spulber,

1984). In Reed’s models, uncertainty is introduced by means of a multiplicative

factor influencing stock recruitment and has unitary mean. While this simplifies the

analytical treatment of their model this might not be a realistic assumption. Reed

(1978) discusses the effects of various harvest policies on the long run distribution

of the population. He also examines the effects of environmental fluctuations on the

average yield and finds that the long run average harvest is less then the deterministic

yield.2

With respect to the literature, I analyze a general model for an open-access

renewable resource in discrete time periods where the reward function is concave in

harvest and resource stock. The dynamics of the resource stock is regulated by a

stock-recruitment function describing how the stock of next period results from the

growth of current escapement (investment) and the realizations of the uncertainty

2Reed numerically derives the size of the difference for different combinations of the curva-
ture of the stock-recruitment function and the variance of the distribution of the environmental
disturbances.
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due to both an independent and a correlated environmental shock. This model differs

from the general model of an optimally managed resource found in the literature

(e.g., Reed, 1979; Singh et al, 2006) by assuming open-access harvesting. This seems

reasonable because most of world’s fisheries operate virtually under open-access

(Worm et al, 2009). Also, this maintains the analytical tractability of the model

and allows me to find a closed form solution for the long term expected value and

support for the probability distribution function of population escapement. Since

the reward function is stock-dependent, the monotonicity and convergence properties

of the escapement policy are based on the same complementarity assumptions as in

Nyarko and Olson (1991).

Assuming serially correlated shocks provides a more general representation

of the behavior observable in a realistic environment. Given this assumption, the

present analysis relates more closely to the one by Donaldson and Mehra (1983)

and Danthine et al (1983) for the economic literature, and Singh et al (2006) for

the literature on renewable resources, where they assume that the environmental

disturbances are serially correlated. Similarly to Reed (1979), the stock-recruitment

function is strictly concave and nondecreasing in stock. The present model satisfies

the monotonicity and convergence conditions as discussed in Donaldson and Mehra

(1983). The analytical results provided by Danthine et al (1983) relate closely

to those of this chapter, where I find that the long term mean of escapement is

positively correlated with the degree of correlation of the environmental shock. In

their exercise they focus on the role of persistence on the dynamics of the dynamic

path of the economy, while I also examine the effects on the range (support) of
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the limiting distribution for the capital stock. Similar to the spirit of Danthine

and Donaldson (1981), I examine how the mean and the support of the stationary

distribution of the escapement are affected by shifts in parameters that determine

the distribution of environmental (autocorrelated) shocks. This is not done by Singh

et al (2006).

The chapter is organized as follows. Section two introduces the model. Section

three discusses the properties of the policy function. These two sections are prelim-

inary to section four where I derive the limiting optimal policy for the natural stock

for a specific example. Further, I investigate how changes in the structure of the

transition function of the random shocks affect the stationary expected escapement

policy of the natural stock. The final section presents some concluding remarks.

3.2 The Model

Consider a natural renewable resource at time t is denoted by yt. In each period,

part of the resource stock is harvested and consumed, ht, and the remaining stock

xt = yt − ht represents escapement or investment, with 0 ≤ ht ≤ yt. The growth

of the natural stock is governed by a production function that determines the stock

of next period as a function of current investment in the stock and environmental

disturbances. The biological growth (production) is described by a stochastic stock–

recruitment function denoted by yt+1 = F (xt, st+1), where {st}∞t=1 is the sequence

of shocks influencing the production of the stock. At each date, it can take values

over a compact set S = [s, s] with 0 < s ≤ s ≤ s < ∞. The random variable s
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has distribution function denoted by Ψ(st+1; st). This indicates that the distribu-

tion of st+1 is influenced by st, meaning that shocks are correlated through time.

The conditional probability distribution satisfies Ψ(st+1; st) = 0 for st+1 ≤ s and

Ψ(st+1; st) = 1 for st+1 ≥ s.

Throughout the paper the production function is assumed to satisfy the fol-

lowing properties:

A-1. F (x, s) is strictly increasing in x for all s.

A-2. F (x, s) is (strictly) concave in x for all s.

A-3. Fx(0, s) =∞, Fx(∞, s) = 0 for all s, where Fx(·, s) = ∂F/∂x.

A-4. F (0, s) = 0, while F (x, s) > 0 if x > 0 for all s.

A-5. F (x, s) is D2 in x.

A-6. F (x, s) is increasing in s for all x.

A-7. There exists a y such that F (y, s) < y for all y ≥ y and all s.

A change in s denotes a change in the natural production function F (·). Thus,

depending on its direction, a change in s will shift the production function outwards

or inwards defining a new set of values that the capital stock can attain. Consider a

case where s takes on two values, i.e., S = (s, s′) where s > s′. s denotes the “good”

state, while s′ is the “bad” state. It shows the transition equation for the stock y

for all the possible realizations of the random shocks u under each of the two states.

This implies that under state s the natural stock will, in the limit, attain values in
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the interval x ∈ [xl, xu], while when the resource is under regime s′, in the limit,

will attain values in the interval x
′ ∈
[
x
′

l, x
′
u

]
, where x > x

′
.

Assume that the industry exploiting the natural resource is composed of N

homogeneous economic agents (firms) and each agent receives rewards R(hi,t, yt)

that depend on their individual extraction rate hi and the resource y. Property

rights are not assigned and thus the resource is exploited under open–access. Given

the stock, the firm’s objective is to determine the consumption (harvest) policy that

maximizes the (expected) rewards

V (yt) = max
0≤hi,t≤yt

R(hi,t, yt). (3.1)

Notice that all the uncertainty is realized before consumption decisions are taken

and fishermen have no expectations on future shocks. The reward function R(hi,t, yt)

is assumed to satisfy the following properties throughout the paper:

A-8. R(h, y) is strictly increasing in y.

A-9. R(h, y) is strictly concave in (h, y).

A-10. R(h, y) is D2.

A-11. Rh(0, y) > 0, and Rh(h
′, y) = 0 for some h′ > 0, where y > 0 and Rh

denotes ∂R(h, y)/∂h.

The properties A-5, and A-10 guarantee that there exists a profit maximizing

policy function h∗i,t which defines the harvest level for any period t given stock
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yt.
3 Let H∗(yt) = Nh∗i,t be the aggregate harvest, given that xt = yt − ht implies

that a profit maximizing investment (escapement) policy also exists, i.e., X∗(yt) =

yt −H∗(yt).

Since the reward function is continuous and strictly concave (A-9, A-10), the

profit maximizing policies H∗(yt) and X∗(yt) are uniquely valued and continuous.4

Therefore, it is possible to denote h∗t (yt) ≡ H∗(yt), and x∗t (yt) ≡ X∗(yt) as harvest

and escapement, and by A-11 these are strictly positive for y > 0.

Since the profit maximizing policy function for harvest is defined as h∗t =

H∗(yt), given that yt+1 = F (X∗t , st+1) the stochastic process for the investment

policy is xt+1 = X∗(F (xt, st+1)) = F (xt, st+1)−H∗(F (xt, st+1)).

Finally, it is assumed that market supply and demand are in equilibrium in

each period implying that the size of the industry is constant at its equilibrium level

N .5

3.3 Properties of the Model

In stochastic growth models with stock-dependent rewards the properties of the

profit maximizing policies are important to determine the limiting behavior of the

stochastic optimal processes. This section looks at the conditions required for the

existence and uniqueness of the limiting distribution of the natural stock for the

3Since the reward function R(h, y) is differentiable it is also continuous. Then, since it is defined
over a compact set 0 ≤ hi,t ≤ yt by the Weierstrasse theorem, there exists an profit maximizing
policy function.

4Given that R(h, y) is strictly concave, or F (x, s) is strictly concave in x by the Maximum
Theorem the harvest policy would be uniquely valued.

5This analysis corresponds to the case discussed in Levhari et al (1981), where market supply
and demand are in equilibrium each period, but where market supply is derived from the industry
cost function and depends on the stock, i.e., industry harvest costs may be stock-dependent.
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outlined model. Nyarko and Olson (1991) show that under certain complementarity

conditions between consumption (harvest) and the resource stock, policies are mono-

tonic and converge to a unique limiting distribution. The following assumptions are

used:

A-12. Ryh ≥ 0.

A-12’. Ryh > 0.

A-13. Rhh +Ryh ≤ 0.

A-13’. Rhh +Ryh < 0.

These are sufficient to prove the monotonicity of the stochastic optimal processes

H∗(yt) and X∗(yt), as outlined in the following two theorems.

Theorem 3.3.1. Under assumption A-12, the function H∗(y) is non-decreasing in

y. It is strictly increasing under assumption A-12’.

Proof. Consider the first order necessary condition for the maximization problem

(3.1). By applying the implicit function theorem to the optimal conditionRh (h, y) =

0 it yields dH∗/dy = −Rhy/Rhh ≥ 0, which is positive by the strict concavity of the

reward function and assumption A-12. This implies that H∗(y) is non-decreasing in

y. It is strictly increasing if assumption A-12’ holds.

A similar result is obtained for the profit maximizing investment (escapement)

policy.
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Theorem 3.3.2. Under assumption A-13, the optimal escapement (investment) pol-

icy function X∗(y) is non-decreasing in y. It is strictly increasing under assumption

A-13’.

Proof. Using the relationship between the optimal policies, X∗(y) = y − H∗(y),

the derivative of the escapement policy with respect to y is given by dX∗/dy =

1 − dH∗/dy. Using theorem 3.3.1 and assumption A-13, it is possible to rewrite it

as dX∗/dy = (Rhh +Rhy) /Rhh ≥ 0. This implies that X∗(y) is non-decreasing in

y. It is strictly increasing if assumption A-13’ holds.

Define the lower and upper bounds on the production function by

Fm(x) = min
s
F (x, s) = Fm(x, s), FM(x) = max

s
F (x, s) = FM(x, s)

Then, since X∗(y) is monotone increasing and continuous, it is possible to define

Definition 1. Xm(x) = X∗(Fm(x)), XM(x) = X∗(FM(x)).

These are the minimum and maximum escapement policy functions. The min-

imum and maximum are well defined since the functions F and X∗ are continuous

by (A-5 and the Maximum Theorem) and defined over a compact domain [0, y].6

Since Xm(x) and XM(x) are continuous and defined over a compact domain the

Brouwer’s fixed point theorem implies that Xm(x) and XM(x) have at least one

fixed point.

Define

6By the Weierstrasse theorem.
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Definition 2. xm = max{x|Xm(x) = x}, xM = min{x|XM(x) = x}

as the lower and upper boundary of the set over which the limiting distribution of

the escapement takes values. To verify that xm and xM are uniquely defined I need

to rule out the possibility that the transition equations for the profit maximizing

investment policy xt+1 = X∗(F (X∗t , st+1)) cross for distinct values s (e.g., s and s′

where s > s′). This possibility depends on the properties of the investment policy.

Lemma 3.3.1 shows that X̃m(x) < X̃M(x). This result allows identifying the fixed

points xm and xM .

Lemma 3.3.1. Under assumption A-6, for any s > s′, it gives Xm(x) < XM(x).

Proof. By assumption A-6, y = F (x, s) is an increasing function of s. This implies

that F (x, s′) < F (x, s). Since by theorem 3.3.2 the function X∗(y) is a monotone

increasing function of y, using definition 1 implies that X̃m(x) < X̃M(x).

Corollary 3.3.1. Since H∗(y) is monotone increasing and continuous, it can be

defined as

H̃m(x) = H∗(Fm(x)), H̃M(x) = H∗(FM(x)).

Then, the result of Theorem 3.3.1, implies that H̃m(x) < H̃M(x).

Given thatX∗(y) is monotonic and continuous, and from lemma 3.3.1 X̃M(x) >

X̃m(x), when the saving (escapement) policy function crosses the 45◦ line only once

provides a sufficient condition under which the process for x∗t = X∗(y) converges to

a limiting distribution (see Donaldson and Mehra, 1983, Lemma 4.3).7 This condi-

7This conditions guarantees that the Markov process on investment reaches the set [xm, xM ] in
a finite number of steps with positive probability and independently from the initial value.
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tion needs to be satisfied for each realization of the random shocks, but particularly

for those defining the boundaries of the set on which the limiting distribution of

stock takes values, i.e., the support of the limiting distribution, that are identified

by the fixed points from definition 2: [xm, xM ]. Figure 3.1 illustrates the stochastic

investment processes in the two extreme situations, i.e., X̃m(x) and X̃M(x). It also

shows the fixed points that delimit the set of x, given all the possible realizations of

s.

To prove that the escapement policy function crosses the 45◦ line only once,

it is sufficient to show that the derivative of the minimum and maximum policy

functions evaluated at the fixed points is less than one. The derivative with respect

to x of the investment policy evaluated at the fixed point is assumed to be less than

one, that is

A-14.

dX∗

dx
= Fx

(
1 +

Rhy

Rhh

)∣∣∣∣
x=(xm,xM )

< 1

where the functions y = F (x, s) and R (h, y), knowing that h = y−x, are evaluated

at s = s at xm and s = s at xM . When A-14 holds, for each realization of the

random shocks, the escapement policy crosses the 45◦ line only once. This identifies

the unique interval [xm, xM ]. So, this condition plus the monotonicity and continuity

of the escapement policy function ensures that the Markov process xt converges to a

unique limiting distribution defined on the support [xm, xM ] (Donaldson and Mehra,

1983; Nyarko and Olson, 1991).
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3.4 An Example

Let it be assumed that the stock–recruitment function takes the form proposed by

Cushing (1971) and that the random effect s enters into the model multiplicatively.

The stock–recruitment model has the following specification

yt+1 = a xbtst+1 (3.2)

where 0 < b < 1 expresses compensation for excessive recruitment (density de-

pendence). The stock–recruitment model (3.2) clearly satisfies assumptions A-1

through A-7. It is strictly increasing and concave in x, i.e., Fx = a b xb−1 st+1 > 0

and Fxx = a b (b− 1) xb−2 st+1 < 0. Also, F (x, s) > F (x, s′) since a xbs > axbs′ by

s > s′.

I assume that the random shocks follow a Markov process with a transition

function defined as in Danthine et al (1983) as

st+1 = k sρt eεt+1 (3.3)

where |ρ| < 1. {εt}∞t=1 is a sequence of i.i.d. random shocks taking values on a

compact set Σ = [ε, ε], and −∞ < ε ≤ ε ≤ ε < ∞. Also assume that the random

component of the process on s is distributed with zero mean and variance σ2
ε

A-15. ε ∼ i.i.d.(0, σ2
ε).

Further note that this can be expressed as a more common AR(1) process: ln st+1 =
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α + ρ ln st + εt+1. For ρ = 0, st becomes an i.i.d. random shock.8

Further, I assume that the reward function R(hi,t, yt) is specified as

R(ht, yt) = p hi,t −
c h2i,t
yt

(3.4)

where p and c are constants that represent unit price and cost, respectively. It

can be verified that (3.4) satisfies assumptions A-8 through A14. Specifically, it is

strictly increasing in y, Ry = c h2

y2
> 0 for c > 0. The reward function is strictly

concave in h and y, i.e., Rhh = −2 c
y
< 0 and Ryy = − c h2

y3
< 0. Finally, the

specification (3.4) satisfies the complementarity conditions, i.e., Ryh = 2 c h
y2

> 0 and

Rhh +Ryh = 2 c
y

(
h
y
− 1
)
≤ 0 given that 0 ≤ h ≤ y and h > 0 by A-11.

Given the chosen specification of the reward function, the first order condition

of the optimal problem (3.1) gives the profit maximizing harvest

h∗i,t =
p

2 c
yt. (3.5)

Also notice that for individual harvest to be feasible the condition p ≤ 2c must be

satisfied. Further, to insure that aggregate harvest H∗(yt) = N p
2 c
yt is feasible, the

following condition is assumed

A-16. Np ≤ 2c.

The optimal escapement (investment) policy is given by x∗t = yt − H∗(yt).

8The specification assumed in this section is very similar to the one used by Danthine et al.
which is known to have a closed form solution. The solution method follows their approach closely.
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Substituting in (3.5) yields

x∗t = yt

(
1− N p

2 c

)
≡ X∗(yt). (3.6)

It can be verified that both policy functions (3.5) and (3.6) are non-decreasing in

y, hence the results from theorems 3.3.1 and 3.3.2 hold. Furthermore, given (3.2),

harvest and investment policies depend on the stock level and the realization of the

random shocks.

It is now possible to obtain a solution for the fixed points specified in defi-

nition 2. Given the specification for the stock–recruitment function (3.2) and the

escapement policy (3.6), definition 1 yields: Xm(x) = X∗(Fm(x)) = a xb
(
1− N p

2 c

)
s

and XM(x) = X∗(FM(x)) = a xb
(
1− N p

2 c

)
s. Now, from definition 2, the explicit

solution for the two fixed points is

xm =

[
a

(
1− N p

2 c

)
s

] 1
1−b

(3.7)

xM =

[
a

(
1− N p

2 c

)
s

] 1
1−b

. (3.8)

These two points represent the range of values over which the stochastic investment

policy function is defined, e.g., the support of its limiting distribution.

It can also be checked that assumption A-14 is satisfied. First, note that the

consumption policy is increasing in stock, dH∗/dy = Np/2c = H∗(y)/y. Then,
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substituting (3.7) and (3.8) in A-14 yields

dX∗

dx
= Fx

(
1− Np

2c

)∣∣∣∣
x=(xm,xM )

= b < 1. (3.9)

To find how the determinants of the correlated shock affects the natural re-

source in the long run I first need to characterize the limiting capital (fish) stock.

Given that the stock is a function of investment (escapement), I derive the expres-

sion for the expected limiting investment policy, which is found to converge to a

positive finite quantity regardless of the initial conditions. Following Mirman and

Zilcha (1975, pp.333–334) and Danthine and Donaldson (1981), I proceed by deriv-

ing the transition for escapement from the initial period 0 to the period t. Knowing

that xt = yt − ht, where yt+1 = a xbtst+1, and (3.4), the harvest rate is Ht = N p
2 c
yt.

Starting at t = 0 with an initial stock y0 > 0, the investment policy (3.6) is applied

recursively

t = 0 x0 =

(
1− N p

2 c

)
y0

t = 1 x1 =

(
1− N p

2 c

)
y1 =

(
1− N p

2 c

)
a xb0 s1 =

(
1− N p

2 c

)1+b

a yb0 s1

t = 2 x2 =

(
1− N p

2 c

)
y2 =

(
1− N p

2 c

)1+b+b2

a1+b yb
2

0 sb1 s2

...

t xt =

(
1− N p

2 c

)1+b+b2+...+bt

a1+b+b
2+...+bt−1

. . . yb
t

0 s
bt−1

1 . . . st
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which implies that the investment policy at time t becomes

xt =

(
1− N p

2 c

)∑t
r=0 b

r

a
∑t−1
r=0 b

r

yb
t

0

(
t∏

r=1

sb
t−r

r

)
. (3.10)

Given that the random variable s is serially correlated and takes the form (3.3), the

last term of (3.10) can be restated by recursively substituting for st, for any t. More

specifically, recursive application of (3.3) yields

t = 0 s1 = k sρ0 eε1

t = 1 s2 = k sρ1 eε2 = k (k sρ0 eε1)ρ eε2 = k1+ρ sρ
2

0 eρε1+ε2

...

t st+1 = k1+ρ+ρ
2+...+ρt sρ

t+1

0 eρ
tε1+ρt−1ε2+...+εt+1

which, in a more compact form, at time t becomes

st = k
∑t
τ=0 ρ

τ

sρ
t+1

0 e
∑t−1
τ=0 ρ

t−τ−1ετ+1 (3.11)

where s0 > 0 is an initial shock.

Now, applying the product operator in the last term of (3.10) and using (3.11)
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it yields

t = 1 s1 = k sρ0 eε1

t = 2 sb
1

1 s2 = (k sρ0 eε1)b k1+ρ sρ
2

0 eρε1+ε2 = k1+ρ+b sbρ+ρ
2

0 ebε1+ρε1+ε2

t = 3 sb
2

1 s
b1

2 s3 = . . . = k1+ρ+ρ
2+b+bρ+b2 sρb

2+ρb2+ρ3

0 eb
2ε1+ρε1b+ε2b+ρ2ε1+ρε2+ε3

...

t∏
r=1

sb
t−r

r = k
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρτ s

∑t−1
r=0 ρ

t−rbr

0 e
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρt−r−1−τ ετ+1 . (3.12)

After substituting the last expression in (3.10), the expected value of the lim-

iting investment policy can be found by taking the limit of the resulting expression

and by observing to what it converges. It is more convenient to analyze it one piece

at a time. Since only s is a random variable, the first two terms converge to a finite

positive quantity

lim
t→∞

(
1− N p

2 c

)∑t
r=0 b

r

a
∑t−1
r=0 b

r

=

[(
1− N p

2 c

)
a

] 1
1−b

.

Furthermore, the term yb
t

0 disappears since b < 1 implies bt → 0, as t → ∞, i.e.,

limt→∞ y
bt

0 = 1. Lastly, since the only random terms in (3.12) are ετ+1, the expected

value of its limit can be expressed as

lim
t→∞

E

[
t∏

r=1

sb
t−r

r

]
= K lim

t→∞
E
[
e
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρt−r−1−τ ετ+1

]
(3.13)

where K = limt→∞ k
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρτ , which is bounded above by (1/(1− ρ))(1/(1−
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b)), and the term s
∑t−1
r=0 ρ

rbt−r

0 disappears because
∑t−1

r=0 ρ
t−rbr goes to zero as t goes

to infinity (Danthine et al, 1983, p.165).

As expressed in Danthine et al (1983), to take the expectation of the last

term of (3.13) I use a Mac Laurin’s approximation of an exponential function, i.e.,

ex = x+ x2/2! + x3/3! + . . . so the term can be written as

t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1 +
1

2!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)2

+ . . . .

Since by assumption A-15 the random variable ε has zero mean, all the odd terms

are zero, while the even terms are positive because σ2
ε > 0 and can be rewritten as

E

 1

2!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)2

+
1

4!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)4

+ . . .


which, in the limit, converges to a positive and finite quantity.9

To summarize, under assumption A-15, the expected stationary investment

policy is bounded from above by a positive and finite quantity and it takes the form

lim
t→∞

E[xt] =

[(
1− N p

2 c

)
a

] 1
1−b

K lim
t→∞

E

 1

2!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)2

+
1

4!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)4

+ . . .

 (3.14)

where K = limt→∞ k
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρτ < (1/(1− ρ))(1/(1− b)).

9Notice that the term would converge to a positive and finite quantity even when the random
variable ε has nonzero mean.
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3.4.1 Effects of changes in shock’s determinants on escapement pol-

icy

In this section I consider the issue of how changes in the transition process of the

serially correlated shocks affect the mean and the support of the stationary distri-

bution of the escapement (investment) policy.

When the shock is serially correlated, the stationary escapement function de-

pends upon the realization of the shocks because of the information that it contains

regarding the future shock. The random shock s follows a Markov process with

a transition function defined as st+1 = k sρt eεt+1 , where |ρ| < 1. k is the baseline

component of the transition process; ρ denotes the shock correlation over time. It

expresses the degree of shock persistence (or transiency) on the mean of the result-

ing distribution on stock and therefore the expectation on future shocks. A special

case is when ρ = 0 which indicates i.i.d. shocks. The random shock ε represents the

uncertainty of the process that affect the future realizations of s.

To investigate how the expected escapement policy depends on the character-

istics of the process for s, I impose a less restrictive assumption on the distribution

of the random component of the process on s

A-15’. εt ∼ i.i.d. (µ, σ2
ε).

so the expected stationary investment policy is

lim
t→∞

E[xt] =

[(
1− N p

2 c

)
a

] 1
1−b

K lim
t→∞

E
[
e
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρt−r−1−τ ετ+1

]
. (3.15)
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Then, I take the derivative of (3.15) with respect to k, ρ, and the mean and variance

of ε. The parameter k enters only in the term K. It is clear that an increase in

k has a positive effect on the expected value of the stationary escapement. The

correlation coefficient enters in both K and the last term of (3.15). An increase

in ρ has also a positive effect. Everything else equal, increasing shock persistence

increases escapement. The magnitude of this effect depends on the expected value

of ε.

Since ε enters only in the last term of (3.15), the effect of changes in the

mean and variance of ε are analyzed by looking at the exponential approximation

ex = x+ x2/2! + . . .. Thus, that term can be written as

E

 t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1 +
1

2!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)2

+
1

4!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)4

+ . . .

 . (3.16)

Under assumption A-15’, I now analyze the effect of a change in the mean of ε,

holding the variance constant, and the effect of a change of the variance, holding

the mean constant. Using the expectation operator the first term can be expressed

as the sum of elements involving the expected value of ε, µ. The second term involves

the sum of elements containing expectations of the sum of squares of ε. Recalling

that VAR(ε) = E(ε2) - µ2, it can be noticed that changes in either the mean or the

variance of ε would have an effect on the second term of (3.16).

Consider first a positive change in µ holding σ2
ε constant. The first term of
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(3.16) would increase because it is the sum of products of positive constant and

µ. Then, holding the variance constant, an increase of µ would also increase the

expected value of the sum of squares of ε, producing an increase of the even terms

of (3.16), as well.10 Thus, the overall effect on the expected value of x would be

positive. A positive change in σ2
ε holding µ constant would have a positive effect on

the even terms of (3.16). Thus, the asymptotic mean of x increases with ρ. Finally,

note that when A-15 holds the mean of ε has no effect on the stationary expected

escapement.

The support of the stationary distribution of the escapement is defined by the

minimum and maximum escapement policies as from definition 1. The minimum and

maximum investment policies depend on the realizations of the random variable s,

where s depends on its past values, the parameters k and ρ, and the realizations of ε.

To find the effects of changes in these determinants on the minimum and maximum

policies the minimum and maximum values of s need to be defined. Given the

assumptions on ε, i.e., ε ∈ Σ and −∞ < ε ≤ ε ≤ ε <∞, and result (3.11) from the

previous section, the infimum limit and supremum limit for s are

s ≡ lim inf
t→∞

st = e
∑t−1
τ=0 ρ

t−τ−1ε (3.17)

s ≡ lim sup
t→∞

st = e
∑t−1
τ=0 ρ

t−τ−1ε (3.18)

where the other terms from (3.11) vanish since k
∑t−1
τ=0 ρ

τ
and sρ

t

0 go to one as t goes

to infinity.

10This would not be the case for E(ε) = 0. Also notice that the effect on the higher terms of
(3.16) go gradually to zero.
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Notice that (3.17) is bounded from below by zero and (3.18) from above by in-

finity. Specifically, equation (3.17) can be rewritten as e
∑t−1
τ=0 ρ

t−τ−1ε = eε(ρ
t+ρt−1+...+1),

where the exponent is a geometric sum. Provided that |ρ| < 1, as t goes to infinity

the geometric sum converges to ε
1−ρ . Hence, in the limit (3.17) converges to a finite

quantity, e
ε

1−ρ , i.e., s ≡ lim inft→∞ st = e
ε

1−ρ . Similarly for equation (3.18) yields

s ≡ lim inft→∞ st = e
ε

1−ρ .

Equations (3.17) and (3.18) are increasing functions of ε and ε, respectively.

For a large negative ε, the fixed point corresponding to the minimum escapement

policy could achieve small values. However, since ε is bounded from below by −∞,

the lower bound of s is strictly positive, i.e., s > 0. This means that everything else

equal in the long run negative shocks could lead to small, although not zero, escape-

ment. For positive values for the upper bound of ε instead the s could achieve large

values, although smaller than infinity, i.e., s < ∞, implying that also escapement

will be less than infinity.

The limit points of the environmental shocks s are also influenced by ρ. When

the bound of ε is positive, (3.17) and (3.18) are both increasing functions of ρ. The

opposite is true when ε is negative. This implies that also the lower and upper

bounds of the limit distribution of escapement policy are increasing or decreasing

in ρ depending on the sign of the lower and upper bound of ε. Assuming ε < 0

and ε > 0, when environmental shocks are positively autocorrelated, increasing the

degree of serial correlation implies a reduction of the lower bound of s and thus the

minimum escapement policy xm. When the shocks are negatively autocorrelated

the effect is the opposite, meaning that larger negative autocorrelation will increase
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s and the minimum escapement policy. These effects are reversed for the upper

bound of s. It increases for positive autocorrelation, while it decreases for negatively

autocorrelated shocks. Summarizing, while higher persistence of the environmental

shocks would spread the support of the limiting distribution of escapement, higher

transiency would contract it.

3.5 Concluding Remarks

In this chapter, I investigated the effects of serially correlated environmental shocks

on the conservation of an open–access renewable resource. This was done by devel-

oping a model that allows to examine how the expected value of stock escapement

in the long run is influenced by changes in the conditional distribution of autocor-

related shock. Indeed, changes in the parameters of the Markov process defining

the environmental disturbances have implications on the support of the limiting

distribution of the escapement policy.

The specific case discussed in this chapter, results show that there is a positive

relationship between stock escapement and both the degree of correlation and with

the variance of the random shocks. I also characterized how the maximum and

minimum escapement policy functions depend on these parameters and I found that

the min/max policies are largely influenced by changes in the error and correlation

term of the process defining the environmental shocks.

This analysis has important implications for the conservation of natural re-

sources like fish stocks. First, it confirms the suggestions from the scientific literature
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(e.g., Ripa and Lundberg, 1996; Schwager et al, 2006) that stronger autocorrelation

in the environmental disturbances increases population variability. With respect to

the latter, increasing positive autocorrelation reduces the lower bound of the sup-

port of the limiting distribution while a larger negative autocorrelation increases

it.

The ability to form expectations regarding future production shocks can help

to improve the management of harvested renewable resources, especially under

open–access harvesting. For instance, understanding the effects of disturbances on

populations may help predicting and mitigating the influence of environmental dis-

turbances on populations. In this respect, this framework could be used to identify

what changes in the transition of the random shock are necessary to induce desired

changes in the stock escapement. This could represent a viable option to promote

conservation when regulators are unable to deal with the open–access problem di-

rectly. For example, when climate variability influences environmental disturbances,

increasing storm waves and surges can intensify the effects of anthropogenic pres-

sure, e.g., intensify pollution runoff and so curbing pollution might diminish the

effects of the random shocks on fish population. Similarly, habitat restoration could

also improve the stability of the population, like increasing the ability to sustain the

effects of the shocks. These examples represent ways to reduce (in absolute value)

the degree of serial correlation.

The next chapter presents a numerical application of the framework developed

here, which allows me to obtain quantitative results on the effects that serially corre-

lated shock has on the conservation of a renewable resources that are not efficiently
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managed.
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Figure 3.1: Illustration of the optimal escapement (investment) policy functions

124



Chapter 4

A Numerical Analysis of the Effects of Serially Correlated Shock on

a Long–Run Escapement Policy

4.1 Introduction

This chapter applies the theoretical model presented in chapter 3 to investigate the

effects of serially correlated environmental shocks on the Long Island Sound (LIS)

American lobster fishery. Specifically, it examines how changes in the determinants

of the random shock and the other parameters of the model influence the limiting

expected value of the stock escapement policy, the stochastic equivalent of a steady–

state.

Semi-enclosed areas such as lakes, lagoons, or estuaries like Long Island Sound

are particularly sensitive to environmental shocks (Caddy, 2000). High water tem-

perature and low dissolved oxygen can reduce the survival of lobsters, especially

when the two conditions are combined (e.g. Wilson and Swanson, 2005). In fact,

the analysis in chapter 2 suggests that hypoxia and the lack of proper management

are the major problems for the Long Island Sound American lobster fishery and that

temperature may exacerbate the problems experienced by coastal fisheries like this

one. Nutrient pollution and water temperature are influenced by weather patterns,

which have a tendency to be cyclical random environmental disturbances and, as
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such, serially correlated over time.

The analysis in this chapter aims to provide a richer analysis for the theoretical

model presented in chapter 3. An application of the conceptual framework to the

LIS lobster fishery is used to address the issues examined in chapter 3. Specifically,

I investigate qualitatively how the expected value, and the maximum and minimum

escapement policy functions depend on the parameters that determine the distri-

bution of environmental shocks. The model is parameterized using an econometric

model for the population dynamics of the LIS lobster fishery. This allows studying

the effects of temporally correlated environmental shocks on the conservation of the

lobster population. This can help the design of management strategies in a way that

mitigates the effects of random population fluctuations.

The chapter is organized as follows. Section 2 summarizes the main results

of the theoretical model that will be used in the numerical analysis. The empirical

strategy is discussed in section 3. Section 4 presents the empirical results, which

are then used to investigate how changes in the determinants of the random shocks

affect the stationary expected escapement of the natural stock. The final section

presents some concluding remarks.

4.2 Summary of the Theoretical Model

This section summarizes the theoretical model presented in chapter 3, which will

be later examined numerically by using some data and results from the empirical

analysis of the American lobster fishery of LIS presented in chapter 2.
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Consider a natural renewable resource y, which is consumed at a rate ht,

and the remaining stock xt = yt − ht is left after consumption (escapement). The

natural stock grows according to a stock–recruitment function that takes the form

introduced by Cushing (1971). Growth is affected by random (environmental) shocks

denoted by s that enter into the model multiplicatively:

yt+1 = a xbtst+1 (4.1)

where a is the growth rate and 0 < b < 1 is a parameter expressing the degree of

density dependence. The random shocks that influence growth are assumed to be

correlated over time:

st+1 = k sρt eεt+1 (4.2)

where |ρ| < 1, and εt ∼ i.i.d. (0, σ2
ε). For ρ = 0, st is i.i.d.

Aggregate harvest is H∗(yt) = N p
2 c
yt. Thus, the optimal stochastic escapement

policy is given by

x∗t = yt

(
1− N p

2 c

)
. (4.3)

The optimal investment policy converges to a limiting distribution defined on the

support [xm, xM ] where the two bounds are defined as

xm =

[
a

(
1− N p

2 c

)
s

] 1
1−b

(4.4)

xM =

[
a

(
1− N p

2 c

)
s

] 1
1−b

. (4.5)
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where the minimum and maximum realizations of the environmental disturbance

are

s ≡ lim inf
t→∞

st = e
∑t−1
τ=0 ρ

t−τ−1ε (4.6)

s ≡ lim sup
t→∞

st = e
∑t−1
τ=0 ρ

t−τ−1ε. (4.7)

Further, the following assumption provides a sufficient condition under which

(4.3) converges to a limiting distribution:

dX∗

dx
= Fx

(
1− Np

2c

)∣∣∣∣
x=(xm,xM )

= b < 1. (4.8)

The expected limiting escapement policy is

lim
t→∞

E[xt] =

[(
1− N p

2 c

)
a

] 1
1−b

K lim
t→∞

E
[
e
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρt−r−1−τ ετ+1

]
(4.9)

where K = limt→∞ k
∑t−1
r=0 b

r
∑t−r−1
τ=0 ρτ < (1/(1− ρ))(1/(1− b)) and the last term can

be rewritten as

lim
t→∞

E

 t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1 +
1

2!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)2

+

1

3!

(
t−1∑
r=0

br
t−r−1∑
τ=0

ρt−r−1−τετ+1

)3

+ . . .

 . (4.10)

This model is applied to the Long Island Sound American lobster fishery. The

biology of the lobster population and the management of the fishery are presented in
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chapter 2. The objective is to derive qualitative results on the effects that changes in

the determinants of serially correlated shocks induce on the limiting distribution of

the escapement policy. These shocks are expected to be prompted by marine (ocean)

conditions, in particular water temperature and dissolved oxygen, which affect the

growth and the survival of the lobster population. These factors are influenced by

weather patterns that tend to be cyclical, and for this reason random shocks may

be serially correlated over time.

4.3 The Empirical Strategy

To examine numerically the results of the theoretical model, the parameters of

the stock–recruitment function (4.1) for LIS American lobster need to be estimated.

This will allow the characterization of the effects of random autocorrelated on lobster

population.

By taking the natural log of the growth function and the shock process, and

letting ỹt = ln yt, x̃t = lnxt, s̃t = ln st, equations (4.1)–(4.2) becomes

ỹt+1 = β + bx̃t + s̃t+1 (4.11)

s̃t+1 = α + ρs̃t + εt+1 (4.12)

where β = ln a. As in the classical linear model, the additive error terms are

assumed to be randomly distributed with zero mean, E[s̃t] = 0. This implies α = 0

and k = 1.1 Imposing this condition implies that VAR(s̃t) = σ2
ε/(1− ρ2), and since

1Assuming E[ln st] = 0 for all t, using (4.12) and since εt ∼ i.i.d.
(
0, σ2

ε

)
, yields E [ln st+1] =
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E(s̃t) = 0, it follows that COV(s̃t, s̃t−k) = ρkσ2
ε/(1− ρ2).

Given the structure of the covariance matrix of s̃, the least squares estima-

tor applied to (4.11) is inefficient and the least squares estimator of the covariance

matrix is biased. To account for the structure of the covariance matrix, the lin-

ear specification (4.11)–(4.12) can be efficiently estimated by Feasible Generalized

Least Squares (FGLS). The estimable specification is derived using the following

transformation. First, multiplying the first lag of (4.11) by ρ results in this:

ρ ỹt = ρ β + ρ bx̃t−1 + ρ s̃t. (4.13)

Then taking the difference between (4.11) and (4.13) gives

ỹt+1 − ρ ỹt = β − ρ β + bx̃t − ρ bx̃t−1 + s̃t+1 − ρ s̃t. (4.14)

Given that α = 0, from (4.12) the last two terms correspond to the error term εt+1,

which, by assumption, is not serially correlated. Therefore, conditional on the value

of ρ, efficient estimates of (4.14) can be obtained by ordinary least squares (OLS).

There are three commonly known techniques that can be employed to obtain

the FGLS estimator: (i) the Cochran–Orcutt, (ii) the Prais–Winsten, (iii) or the

Hildreth–Lu procedure. For linear models, each of the three procedures performs

OLS conditional on a fixed value for ρ. The Cochran–Orcutt and the Prais–Winsten

estimator differ mainly in that while the first drops the first observation and uses

E [α+ ρ ln st + εt+1] = α+ ρE [ln st], and since E[ln st] = 0 for all t, it implies that α = 0.
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the remaining T − 1 observations to obtain the estimates, the second uses all T

observations and is therefore more efficient in small samples. However, when lagged

dependent variables are included in the regressors, the transformation used by (ii),

which allows using the first observation, implies that such observation is corre-

lated with the error term; this would produce inconsistent estimates (Davidson and

MacKinnon, 1993, p.345).

In the theoretical model, the dependent variable is given by yt+1 = xt+1+ht+1,

which implies that (xt+1+ht+1) = F (xt, st+1). Since, xt can be considered as a lagged

dependent variable because it contains some of the information that is also contained

in yt+1, the Cochran–Orcutt procedure (C–O) is preferred. However, when there are

lagged dependent variables, even the Cochran–Orcutt method may be inconsistent

if the starting value for ρ is calculated from the OLS. This problem is eliminated by

combining C–O with a method to search for the global minimum of the error sum

of squares (Betancourt and Kelejian, 1981). The Hildreth–Lu procedure uses a grid

search to find the ρ that minimizes the error sum of squares. With this procedure,

a linear estimation is performed on the transformed model (4.14) for each value of

ρ that falls on a predetermined grid, and the sum of squared residuals (SSR) is

retained for each ρ. The ρ associated with the smallest SSR is the estimated value

for ρ.

The Cochrane–Orcutt with search method and Hildreth–Lu procedures are

basically interchangeable. For this analysis, I choose the C–O method with a search

procedure to find the ρ that minimizes the error sum of squares for the transformed

equation (4.14) (see Betancourt and Kelejian, 1981; Davidson and MacKinnon, 1993,
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pp.334–335). The search over ρ is used to find the initial value of ρ, say ρ0. Then, ρ0

is used to find the estimates for equation (4.14), conditional on ρ0. These estimates

are then used to get a new value of ρ by regressing current on lagged residuals. The

procedure continues until convergence of the estimated coefficients is achieved. At

each step, the SSR is minimized with respect to ρ and the OLS estimates.

4.3.1 Definition of the dependent variable and the data

In the theoretical model, escapement is defined as xt = yt − ht, which implies

that the stock next period is given by yt+1 = xt+1 + ht+1. While escapement xt is

observable from stock surveys conducted by CTDEP in the fall of each year, the

true stock y is not observable. It is possible to derive y by summing escapement and

harvest. However, this presents a problem. The stock survey allows the calculation

of a biomass index, weight per tow, which provides only an indication of the stock

biomass rather than actual biomass. Harvest is recorded as actual weight (biomass).

One way to correct for this inconsistency is to use a biomass index for harvest. I

derive a predicted index for harvest from the estimated population model of chapter

2, equation (2.5), and I use it in place for h. Specifically, the harvest index is

calculated as ht = q Tt xt, where q is the catchability coefficient, and it corresponds

to the coefficient α3 estimated in equation (2.5) in chapter 2, i.e., q = α̂3. Tt is the

number of traps used in lobster fishery in the period following the time when xt,

the biomass index for legal lobsters, is observed. Recall that the biomass index is

observed in September/October of each year. The variable Tt denotes traps used
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during the period of September to August next year (figure 4.1). Therefore, the

estimated index for harvest is given by ĥt = α̂3Ttxt. This is basically the harvest

index predicted with equation (2.5) in chapter 2, given the observed trap use and

legal biomass index. The biomass index of the legal stock is then derived as yt+1 =

xt+1 + q Tt+1 xt+1. This is used as the dependent variable of equation (4.14).

An alternative would be to eliminate y and re-define the model in terms of x.

Doing this, the stock–recruitment function can be written as xt+1ηt+1 = a xbt st+1

where ηt+1 = (1 + q Tt+1). After taking the natural log, one obtains lnxt+1 +

ln (1 + q Tt+1) = ln a + b lnxt + ln st+1. Notice that the dependent variable is the

same as the one derived with the other method as ln yt+1 = ln (xt+1 + q Tt+1 xt+1).

Therefore, the two alternatives give the same estimates and, therefore, are analo-

gous.2 For this reason, harvest at time t, ht, is obtained by multiplying the estimated

catchability coefficient by fishing effort, observed from the fall of period t to right

before the fall of t + 1, times fall legal biomass. Since the lobster population is

observed during the fall of each year (September and October), the time period is

defined as the period between the observation of the stock, i.e. September of the

current year to August of the next year. Escapement xt is the fall biomass index for

legal class lobsters obtained from the Long Island Sound Trawling Survey (LISTS)

as explained in more details in section 2.3.2 of chapter 2. Summary statistics are

presented in table 4.1.

2Running OLS on ln yt+1 = ln a+ b lnxt+ ln st+1 and lnxt+1 = ln a+ b lnxt+ c ln ηt+1 + ln st+1

and imposing the constraint that c = −1, gives the same estimates for a and b.
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4.3.2 Specification

Preliminary data analysis shows some interesting differences in the behavior of the

time series for stock. Figure 4.2 shows a graph of the natural log of the stock

over time. Two things can be noticed. First, the series shows a larger increase in

1997. As discussed in chapter 2, this indicates that recruitment was exceptionally

high in that year for reasons that remain unexplained. Second, after achieving the

maximum in 1997, the stock steeply declined until the minimum of 2002. Possible

reasons for the biomass decline are discussed in chapter 2.3 The series presents

negative serial correlation for almost all the years until 1998, while from 1999 on,

the series is positively correlated for most years.

The transformed model (4.14) explicitly corrects for serial correlation in the

random shocks s by establishing a (temporary) temporal relationship between the

stock in two consecutive time periods. It accounts for the correlation in the random

shocks that are due to environmental conditions. However, the available data repre-

sent only a short sample from a long–time series. In such a sample, it is not unusual

to have substantial deviations from the trend which, over the long–run, would bal-

ance out. The unexplained increase for 1997 and the large collapse for post–1999

observed in the data (figure 4.2) may well represent cases of such short–term de-

viations. The presence of extreme conditions could obscure the “true” values of

the parameters of the stock–recruitment function. To avoid this problem, I correct

for such short–run deviations from trend by adding a dummy variable, D97, taking

3The collapse was prompted by unusual random events, i.e. high water temperature and low
dissolved oxygen. Before the collapse, the stock was stable around an upward trend. After 1998,
it declined until settling in a new “equilibrium” from 2002.
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value equal to one in 1997, zero otherwise, and a dummy variable taking value equal

to one for years in the period 1999–2005, POST99, and zero for the remainder

years. The former corrects for the anomalous and unexplained 1997 spike that is

visible in the stock series, while the latter corrects for the effects of the unusual

conditions that lead to the stock collapse initiated in 1999. This allows for have a

model that approximates long–run trends more accurately by essentially smoothing

out such deviations from long term trend, allowing more representative estimates of

the parameters a and b. Since the objective of this chapter is to illustrate the effects

that a change of the correlation coefficient of the random shock has on the limiting

expected escapement policy, this seems like a reasonable approach.

After introducing the dummy variables, the GLS transformation leads to the

following model:

ỹt+1 − ρ ỹt = β0 (1− ρ) + β1D97 (1− ρ) +

β2POST99 (1− ρ) + b (x̃t − ρ x̃t−1) + εt+1.

(4.15)

One noticeable implication is that the growth rate of the population is different

over time. For the year 1988-1996 and 1998, it is determined by β0 (1− ρ); by

(1− ρ) (β0 + β1) only for 1997; and finally by (1− ρ) (β0 + β2) for 1999–2005.

One way to corroborate this specification is to check how including the dummy

variables affects the residuals. To do so, I compare the residuals obtained by esti-

mating equations (4.14) and (4.15). Figure 4.3 shows the residuals from equation

(4.14), which does not include any of the two dummy variables, while figure 4.4
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shows the residuals from estimating equation (4.15), which includes the two dummy

variables. In general, including the D97 and POST99 dummy variables shifts down

the series and so the residual look distributed more evenly about the (zero) mean.

The series also shows a smaller range of variation. Further, the inclusion of D97 has

eliminated the large positive residual of 1997. The residuals for the period 1999–

2005 still show a larger variation and a minimum at 2002, although it is smaller.

From this analysis, it seems that including the dummy variables reduces the impact

of the unusual and substantial deviations from the trend. To examine the model

specification further, I used a Wald test to assess the joint significance of the co-

efficients of the two dummy variables: D97 and POST99. The Wald test gave a

p–value of 0.0004. Thus, I find strong statistical evidence that β1 and β2 are jointly

nonzero. Based on this evidences, the specification (4.15) is preferred to (4.14).

4.4 Results

Define ỹ∗t+1 = ỹt+1 − ρ ỹt, x̃
∗
t = x̃t − ρx̃t−1, and δ0 = β0(1 − ρ), δ1 = β1(1 − ρ),

δ2 = β2(1− ρ). The regression equation (4.15) can be summarized as

ỹ∗t+1 = δ0 + δ1D97 + δ2POST99 + bx̃∗t + εt+1. (4.16)

Conditional on the value of ρ, estimates of (4.16) are obtained by employing the

Cochrane–Orcutt approach together with a search procedure. As explained in the

previous section, starting from an initial value of ρ least squares are used to estimate

equation (4.16). Then, the residuals are used to obtain a new (updated) value for
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ρ that is used for the GLS transformation as in equation (4.15), where the data is

adjusted by a factor depending on ρ. The transformed model, equation (4.16), is

then re–estimated conditionally on the updated ρ. The procedure continues until a

value of ρ is found that minimizes the sum-of-squared residuals of equation (4.16);

this is referred to as the optimal value of ρ. This procedure is implemented using

STATA (v. 10) command prais with the options corc for the Cochrane–Orcutt

approach, and ssesearch for the search of the optimal value of ρ.4 This yields

consistent and efficient parameter estimates.5

The resulting econometric estimates are presented in table 4.2. The estimation

procedure converged after 14 iterations. The growth function provided a good fit to

the data. All the coefficients are statistically significant at the 5 percent level.

Knowing the parameters of the growth function allows me to investigate if

some of the theoretical assumptions and results presented in the theoretical model of

chapter 3 apply to the LIS lobster fishery. From chapter 3 (assumption A-14), b < 1

provides a sufficient condition for which the transition process for the investment

(escapement) policy converges to a limiting distribution. Testing the hypothesis

that b = 1 against the alternative that b < 1 gives a p–value of 0.099 (with 13

degrees of freedom), which indicates that there is moderate statistical evidence that

b is less than one. This also implies that the dynamics of legal lobster population

show weak density–dependent mechanism (under–compensatory). It is also clear

that the recruitment rate is strictly positive, i.e. a = eβ0 = 1.407. Notice that this

4The search method used with this command is “a combination of quadratic and modified
bisection searches using golden sections” (StataCorp, 2007, p.196).

5Let ρ∗ be the optimal value of ρ. All the parameters of equation (4.15) are obtained condi-

tionally on ρ∗; for instance, β̂0 = δ̂0/(1− ρ∗).
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coefficient represents the “true” growth rate, and so it does not include the effects

of the unexpected 1997 increase and the large collapse for post–1999 as explained

in section 4.3.2. These two results guarantee that the stock–recruitment function

yt+1 = F (xt, st+1) is well behaved, i.e. strictly increasing and concave (figure 4.11).

The correlation coefficient of the random shock process is found to be negative,

i.e. ρ = −0.3263, which indicates transient environmental conditions. In particular,

a shock of small magnitude, e.g., st < 1, will be followed by a larger shock; if instead

the current shock is larger, e.g., st > 1, a smaller shock will follow. This means

that the lobster population is perturbed by a series of growth shocks of alternating

magnitude, e.g., small-large.

It is commonly argued that environmental variations, such as temperature, the

underlying biological processes, such as growth rate and density-dependent mecha-

nisms, and the interaction between the two influence the dynamics of natural pop-

ulations (e.g., Cohen, 1995; Laakso et al, 2003; Wilmers et al, 2007). The type and

magnitude of the temporal correlation in the environmental disturbances are also

important (e.g., Kaitala et al, 1997a). For instance, persistent environmental condi-

tions, such as the positive autocorrelation observed in the long term marine temper-

ature, generally induces positively correlated residuals in the population dynamics

of marine species (Steele, 1985; Lawton, 1988). These are known as low-frequency

disturbances. Finding negatively correlated disturbances, known as high-frequency

disturbances, is surprising, but not unheard of. Negative correlation may arise from

density-dependent mortality effects operating between adjacent year classes of the

population (Myers and Cadigan, 1993; Fogarty et al, 2001). For instance, Fogarty
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et al (2001) find evidence of negative autocorrelation for the stock-recruitment func-

tion of the West of Scotland cod and haddock stocks, as well as for the cod in the

North Sea and the Georges Bank.

As discussed in chapter 2, high water temperature and low dissolved oxygen

can reduce the survival of lobsters, especially when the two conditions are combined.

These environmental factors influence the stock of the next year so that their effect is

included in the error term if such variables are not explicitly included in the model.

And if they are autocorrelated, the error term will also be autocorrelated. In chapter

2, the dynamics of the lobster population is specified using three (size) cohorts and

explicitly including environmental factors such as stressful water temperature and

dissolved oxygen as explanatory variables. The estimates of this model do not show

any statistical evidence of autocorrelation in the residuals.

In this chapter, though, the stock-recruitment function is modeled using a

“lumped” population model which does not include any environmental factor. Thus,

it is possible that the environmental factors that are omitted in the latter model

and a more simple specification of the population dynamics are responsible for the

negative autocorrelation that is found in this model. This can be checked by an-

alyzing if the stress index and dissolved oxygen variables are correlated over time.

This can be done by inspecting the data visually and plotting the autocorrelation

function for the variable of interest. If a variable is autocorrelated a correlogram, a

graph of the autocorrelation function, would show alternating positive and negative

spikes gradually decaying (would go to zero exponentially). Looking at the data

plot for the stress index variable, it can be noticed that it appears to be negatively
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correlated over time (4.5). A plot of the autocorrelation function (figure 4.7) indi-

cates alternating spikes, which confirms that the stress index variable is negatively

autocorrelated. The plot for the dissolved oxygen variable seems to indicate that

DO is largely positively correlated over time (4.8). This indication is confirmed by

the graph of the autocorrelation function (figure 4.10). This analysis implies that

the negative correlation that is found in the population model (4.16) is largely due

to the influence of stressful temperature conditions.

At any rate, in the short term, the population fluctuations are dominated by

high-frequency fluctuations (Kaitala et al, 1997b). In this case, the observed negative

autocorrelation may be a short or intermediate term phenomenon, which would not

persist in the long term. Indeed, the high-frequency environmental variations in

the long run will be dominated by low-frequency fluctuations due to the persistent

effects of climatic conditions (Steele, 1985; Sugihara, 1995; Wilmers et al, 2007).

Given the results for the estimation presented in table 4.2, the estimated

growth function is yt+1 = 1.407x0.784t st+1, which is plotted in figure 4.11. Pre-

dictions for the environmental shocks s can be obtained using the estimated stock–

recruitment relationship. However, since the growth rate a = 1.407 does not include

the effects of the unexpected events of 1997 and post–1999, such predictions would

include those deviations from the trend, which are not balanced out in the short

run. For this reason, predictions for the environmental shocks are obtained from

ŝ = yt+1/
(
ã xb̂t

)−1
, where ã is the growth rate of the population that includes

the effects of the 1997 and post–1999 events, i.e., ã = β0 (1− ρ) + β1D97 (1− ρ) +

β2POST99 (1− ρ). As assumed in the literature (e.g. Reed, 1978; Singh et al, 2006),
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the expected value of the random shock is found to be close to one, i.e. E[ŝ] = 1.059.

The harvest policy is then identified. No data are available for the unit cost of

effort. However, having lobster price and harvest, the unit cost of effort, c, for the

LIS lobster fishery can be derived by using the first–order condition for the profit

maximizing harvest 3.5: p − 2 c ht/yt = 0. In the analysis, I use data on the price

of lobster for the state of Maine. Maine is the leading market for the northeastern

American lobster fishery. Thus, it is assumed that the lobstermen of LIS are price

takers and the demand for fish is perfectly elastic at market price p. Evaluated at

the sample mean for price, harvest index, and stock index, this gives a mean unit

cost of effort c of about $5.25. Given the estimates for the biological growth function

and the value for the cost of effort, the stochastic escapement (investment) policy

is (assuming N = 1) x∗t+1 = 0.87x0.78t st+1.

The probability distribution of stock escapement depends upon the profit max-

imizing harvest policy and the realizations of the uncertainty represented by envi-

ronmental shocks. The expected limiting escapement policy is defined by (4.9) and

(4.10). Since ε is the only random variable that enters in the process and because

it is distributed with zero mean and variance σ2
ε , when taking the expectation, all

the odd terms of (4.10) become zero. The even terms instead comprise the sum of

the products involving the variance of ε. The support of the stationary distribution

of the escapement is defined by the minimum and maximum escapement policies.

These depend on the parameters of the growth function, price of lobster and cost

of effort, but more importantly on the minimum and maximum realizations of the

random variable s, as represented by equations (4.4) and (4.5). The latter is defined
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over a compact set whose bounds, given in (4.6) and (4.7), are determined by ρ, and

the minimum and maximum values taken by ε.

The estimates are used to derive the values for the limiting expected stock

escapement and the bounds of the support of its distribution for legal lobsters of

Long Island Sound. Equations (4.9)–(4.10) are evaluated using ρ̂ = −0.3263, σ̂2
ε =

0.156, the growth rate â = 1.407, the density dependence parameter b̂ = 0.7847,

lobster price p = 4.058, and a unit cost of effort c = 5.25. These give a long–run

expected escapement limt→∞ E(xt) = 1.1766 kg/tow.

The support of the limiting distribution depends, through s and s, by the lower

and upper values that the error term ε can take, equations (4.4)–(4.7). Those bounds

are obtained using the predictions for environmental shocks s and (4.2) such that

ε̂t+1 = ln
(
ŝt+1

sρ̂t

)
. This yields predicted values of ε that take values the compact set

Σ = [−0.911, 0.636]. This implies that the limiting distribution of the escapement

policy for legal lobster is defined over the support x ∈ [xm, xM ] = [0.0067, 1.5189].

One important thing to notice is that the lower limit of the support is very small,

although it is not zero, xm = 0.0067 kg/tow. Such extremely low density indicates

that the lobster population of LIS could go nearly extinct.

These results for the limiting probability distribution of stock escapement

constitute the base case for the lobster population of Long Island Sound to which

the other results will be compared.
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4.4.1 The determinants of the escapement policy

In this section, I analyze how the limiting distribution of lobster escapement depends

on the parameters that determine the dynamics of environmental shocks. Specifi-

cally, I investigate such effects on the long–run expected value and the support, or

range of variation, of the distribution. The range of variation of the limiting distri-

bution provides a simple measure of the dispersion, i.e., variability, of the probability

distribution itself.

In the scientific literature, it is emphasized that populations with large fluctu-

ations are more likely to go extinct (e.g., Petchey and Wilson, 1997; Ripa and Heino,

1999; Wilmers et al, 2007). The type and the magnitude of the temporal correla-

tion of environmental conditions can exert quite a strong influence on population

fluctuations depending on the density dependence mechanism of the population it-

self. With respect to this, positively autocorrelated environmental conditions could

result in a persistent sequence of favorable or unfavorable conditions for the natural

population resulting in large population fluctuation. Negative temporal correlation,

on the contrary, implies transiency in the environmental conditions, meaning that

future shocks are expected to be different from the current ones and the population

is expected to be more stable, i.e., smaller population fluctuations (Wilmers et al,

2007).

A potential sequence of bad years (positively autocorrelated environment) has

more destructive effects than isolated bad years (negatively autocorrelated environ-

ment) for undercompensating populations. Thus, with a slowly changing environ-
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ment, increasing autocorrelation increases the risk of large population fluctuations

(Petchey and Wilson, 1997; Schwager et al, 2006). In contrast, for populations with

overcompensatory dynamics that overreact to abrupt changes in the environment,

increasing positive temporal correlation decreases the variability of the population

(Schwager et al, 2006). That is why it is important not just to assess the type of

temporal correlation of the environment, but also to investigate the implications

that changes in the magnitude of the correlation have on the distribution of the

population in the long term.6

The degree of autocorrelation is not the only factor affecting the dynamics

of the environmental disturbances. The variance of the random term ε represents

the uncertainty regarding the evolution of the correlated shock and determines the

amplitude of the environmental fluctuations. This affects the long–run expected

escapement of LIS lobsters, but not the support of the limiting distribution of es-

capement, which is instead determined by the upper and lower values taken by the

random term ε, as in (4.4)–(4.5).

Lastly, the stability of the population is also affected by the growth rate of

the population and the profitability of the fishing industry. The growth rate relates

to the reproduction of the population thereby influencing the recruitment. For the

industry, holding the unit cost of harvest constant, an increase of the lobster price

increases the optimal (open access) harvest. Both factors influence the asymptotic

6For a population with compensatory dynamics, the stock–recruitment curve rises at a decreas-
ing rate at higher stock sizes or even flatten out (e.g., the Beverton–Holt model), while overcom-
pensatory dynamics take place when total recruitment decreases at high spawning stock sizes (e.g.,
the Ricker model) (Hilborn and Walters, 1992, p.248–250). This implies either an asymptotic or a
dome–shaped stock–recruitment function.
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mean and the support of the limiting distribution of escapement, and they can be

influenced through policy interventions. So, for this reason, this section examines

also how changes in recruitment rate and market price affect the long–run escape-

ment distribution.

Effect of correlation coefficient, ρ

Table 4.3 illustrates the comparative static results for the expected escapement

(second column) and the support of the limiting distribution of lobsters (third and

fourth column).

In the i.i.d. case, the long–run expected escapement is given by

lim
t→∞

E[xt] =

[(
1− N p

2 c

)
a

] 1
1−b

lim
t→∞

t∏
r=1

E
(
sb
t−r

r

)
.

Using (4.2) and the fact that ρ = 0, the last term is now

lim
t→∞

t∏
r=1

E
(
sb
t−r

r

)
= k

∑t−1
r=0 b

r

E
(

e
∑t−1
r=0 b

r εt−r
)
,

where k = 1. Using the exponential approximation and the assumption that ε has

zero mean, this becomes

lim
t→∞

t∏
r=1

E
(
sb
t−r

r

)
= lim

t→∞
E

 t−1∑
r=0

br εt−r +
1

2!

(
t−1∑
r=0

br εt−r

)2

+
1

4!

(
t−1∑
r=0

br εt−r

)4

+ . . .

 .
Further, the lower and upper bounds of the uncorrelated environmental disturbances

are given by s ≡ lim inft→∞ st = eε and s ≡ lim inft→∞ st = eε.
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The estimated negative serial correlation of -0.3263, the base case (in bold), de-

creases the optimal (open access) long–run expected escapement by about 61 percent

over the i.i.d. case. This indicates that in the long–run, the expected escapement of

a population influenced by negatively correlated environmental conditions is lower

than when environmental conditions are totally random. It also narrows the support

of the limiting distribution, x ∈ [xm, xM ], indicating that escapement will fluctuate

more in the i.i.d. case than when shocks are negatively correlated over time. This

clearly shows that assuming i.i.d. environmental disturbances when, however, these

are autocorrelated and lead to a wrong (bias) assessment of how stock escapement

is statistically distributed in the long–run. For this specific case, the negative tem-

poral correlation implies lower expected escapement in the long–run, but a more

stable population, i.e., smaller variation. This confirms the findings in the scien-

tific literature (Wilmers et al, 2007) that negative autocorrelation in environmental

conditions implies smaller population fluctuations.

Increasing negative correlation by 50 percent (more negative) decreases the

expected escapement by 30 percent, 0.8191 kg/tow, and shrinks the support of the

distribution by 22 percent over the base case. This indicates that a more negatively

correlated environment decreases the variability of the population. On the contrary,

a lower negative correlation (less negative) increases expected limiting escapement

by 53 percent and widens the distribution support, suggesting larger population

fluctuations. Such a result is consistent with those found in the scientific literature

for populations with undercompensatory dynamics, as is assumed here.

As shown in figure 4.12, the positive relationship between correlation coef-
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ficient and expected escapement becomes stronger for a positive degree of serial

correlation. For instance, a correlation coefficient of ρ = 0.5 yields a long–run ex-

pected escapement of more than seven times the base case, limt→∞ E[xt] = 9.2466.

Further, the support of the distribution widens considerably, x ∈ [0.000035, 60.8019].

As ρ approaches 0.8, the expected long–run escapement tends towards extremely

high values, e.g., more than 100 kg/tow of biomass index. This confirms what is

suggested in the scientific literature (e.g., Petchey and Wilson, 1997; Wilmers et al,

2007) that positive temporal correlation can induce a sequence of good environmen-

tal conditions, which allow escapement to accumulate and to experience dramatic

increases or sudden crashes for a sequence of bad environmental conditions. Indeed,

these results show that for a population with undercompensatory dynamics, increas-

ing (positive) autocorrelation increases the variation of the lobster population.

Effect of the uncorrelated shocks, ε

The uncorrelated shocks influence the limiting expected value of escapement through

their variance and the upper/lower limits of the support of its distribution. The

random term ε represents the uncertainty regarding the evolution of the correlated

shock and determines the amplitude of the environmental fluctuations. A large

variance would imply larger fluctuations in the environmental noise corresponding

to either very large or small shocks.

The estimated variance is rather small, σ2
ε = 0.156. A 50 percent increase in

variance over the base case induces an increase of the expected escapement of almost

90 percent. On the contrary, decreasing the variance by 50 percent decreases the
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expected escapement by about 65 percent. This implies that when environmental

disturbances are negatively correlated, a more volatile environment leads to larger

changes of escapement in the long–run than a more stable environment. Figure 4.12

shows the effects of different levels of variability of the random shock for higher (in

absolute value) magnitude of temporal correlation. The solid line indicates the base

case for the estimated variance, σ2
ε = 0.156. The dashed and the dot–dashed lines

correspond to a 50 percent increase and decrease, respectively, in the variance.

Finally, the variance of ε has no effect on the support of the limiting distri-

bution. The support of the distribution of escapement is influenced by the extreme

values taken by the uncorrelated error term ε. A 50 percent reduction (more neg-

ative) minimum value taken by ε causes an almost five time decrease of the lower

bound of the support of escapement distribution. A 50 percent increase results in

a lower bond that is five time higher, at 0.0332. An increase or a decrease of 50

percent of the maximum level for ε leads to an upper bound that is three times

larger or smaller for the escapement policy. Intuitively, this indicates that smaller,

in absolute terms, large shocks increase the minimum level that the escapement of

the population can attain, decreasing the variability of the population. On the other

hand, small shocks increase the stability of the population.

Effect of the biological and economic parameters, a and p

A permanent change of the recruitment rate a would have a considerable effect

on the long–run escapement. This is intuitive since the recruitment rate expresses

the productivity of the species. Increasing it permanently by 50 percent would
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increase the expected limiting escapement by more than six times, to 7.7361; while

a similar reduction would reduce it by 25 times. The effects on the support of the

limiting distribution are proportionally the same. Increasing the recruitment rate

by 50 percent would increase the bounds of the distribution by a factor of 6.6 to

[0.0443, 9.9869]; while a decrease of 50 percent decreases the bounds by a factor of

25 to [0.0003, 0.0607].

The effect of changes in lobster price is also expected. A permanent increase of

50 percent in lobster price would decrease the long–run escapement and the support

of the distribution by about 5.8 times. Instead, a permanent decrease of 50 percent

would imply a larger escapement and support of the distribution by about 3.6 times.

The magnitude of these effects is smaller than those on the recruitment rate.

Summarizing, this analysis suggests that the expected escapement, as well as

the variability of escapement of American lobster of the LIS, increases with temporal

correlation and with larger random environmental shocks. Such effects become

particularly strong for high positive degrees of correlation. This implies that the

lobster population could suffer from large fluctuations due to the influence of the

natural environment.

This result has two important policy implications. First, it highlights how

important it is for the management agencies to recognize the existence of an auto-

correlated environment in order to avoid a biased assessment of the risk of population

crashes. This is particularly important since fished populations show higher fluctu-

ations (Anderson et al, 2009) and populations are more sensitive to temporal corre-
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lation in environmental disturbances when they are heavily exploited (Jonzen et al,

2002; Kaitala et al, 2003). Second, it calls for the implementation of management

strategies aimed at increasing the stability of the natural resource (population) in

the face of environmental variability. An important question is how can a regulatory

agency manage a resource subject to large fluctuations that could lead near to the

eradication of the resource itself. This analysis seems to suggest that when there

are highly positively correlated shocks, the regulatory agency should a) increase

escapement as a means of buffering such shocks, and b) guarantee the existence

of a minimum viable population to avoid getting closer to the lower bound of the

distribution.

Marine reserves could provide one solution to this issue. The creation of ma-

rine reserves has been proposed to hedge against uncertainty and the risk of collapse

by maintaining a minimum safe stock level (e.g., Shaffer, 1981; Lauck et al, 1998;

Grafton et al, 2005). Through the effects of the migration from no-fishing to the

fishing areas, marine reserves increase biomass stability in populations with stochas-

tic biological growth whether this is uncorrelated or perfectly correlated (Conrad,

1999). It is also argued that reserve size should increase with the level of uncertainty

(Lauck et al, 1998; Doyen and Bene, 2003). Since escapement variability increases

with the variance of the uncorrelated error term, this seems particularly relevant for

the LIS lobster population. The more vulnerable the population to environmental

disturbances, the more valuable the reserves as a management instrument (Grafton

et al, 2005). However, reserves should not to be so large as to avoid spillovers to fish-

ing grounds (Grafton et al, 2004). While marine reserves cannot ensure the efficient
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management of a resource, they can help the recovery of stocks and the mitigation

of the effects of environmental shocks (Grafton et al, 2005).

Policies aimed at influencing recruitment rate could be successful at increas-

ing conservation given the large impact that this could have on the local lobster

population. A policy of this type that is already in place in Long Island Sound is

protecting adult female individuals. Minimum size limits also stimulate stronger

and fitter recruitment by increasing escapement. Rising such limits could further

improve the recruitment. Another policy that could increase escapement is to in-

crease the size of the escape vent of the lobster traps. It has been documented

that harvesting affects the average size (and age) of a population, leading to larger

population fluctuations (Anderson et al, 2009). These measures, together with the

implementation of marine protected areas (Baskett et al, 2005), could increase the

size and the age distribution of the lobster population, which would help increase

the stability and the conservation of the lobster population.

4.5 Concluding Remarks

The natural variability of marine ecosystems influences the dynamics of natural

populations. When the populations are exploited by an industry, reducing the un-

certainty towards such variability of the resource is important for the designing of

management strategies. For instance, knowing if the resource is subject to tempo-

rally correlated shocks enables regulatory agencies to make better predictions on the

stability of the managed resource and to design better conservation strategies. Fur-
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thermore, it provides additional information on the dynamics of the resource that

can be used to improve or to engage in a precautionary approach to the exploitation

of the resource.

This chapter investigates quantitatively the dynamics of a harvested, open-

access renewable resource whose productivity is influenced by serially correlated

random environmental disturbances. The analysis showed how the conservation of

the resource depends on the parameters that determine the distribution of envi-

ronmental shocks. This exercise confirms the intuition provided by the theoretical

analysis of chapter 3. In particular, it shows the existence of a positive relationship

between stock escapement and the degree of correlation as well as with the variance

of the random shocks. I found that the maximum and minimum escapement policy

functions are also largely influenced by changes in the error and correlation term

of the process defining the environmental shocks. More specifically, in this applica-

tion, shocks are negatively correlated and transient, so a high current productivity

shock decreases the probability of high future shocks. Also, permanently increasing

the recruitment rate of the species or decreasing the market price would increase

expected escapement in the long–run. The largest impact is prompted by changes

in the recruitment rate and market price.

The support for the stationary probability distribution of escapement widens

as a result of an increase in the degree of autocorrelation, recruitment rate, as well as

the extreme values taken by the uncorrelated error term and permanent reductions

of the market price. Instead, the support shrinks for decreases in the same factors,

and increases with the market price. The largest impact is prompted by changes
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of the uncorrelated random factor and the recruitment rate. These results indicate

that for large positive temporal correlation, the lobster population may experience

large-amplitude fluctuations.

This analysis confirms results from natural science; that is, for a noncom-

pensatory population, stronger persistence increases population fluctuations (larger

population variability). In fact, for the lobster population of the LIS, the long–run

stock can increase potentially leading to higher average stock also the stock vari-

ation also increases dramatically. A precautionary management approach such as

the creation of marine reserves could sustain a safe minimum population that could

work as a buffer against the fluctuations induced by environmental shocks. Marine

reserves also seem to be appropriate for a species that is relatively sedentary like the

American lobster of LIS that are thought to only move in localized areas (Howell

et al, 2005). Marine reserves could be used in combination with the existing man-

agement policies. However, given the extension of the exploitation and the tradition

of the fishery, the implementation of a marine reserve in Long Island Sound may be

problematic.

As temperature is positively correlated over time, understanding the influence

of temporal correlation is important to identify which species will be more likely to

exhibit increasing fluctuations due to global warming (Wilmers et al, 2007). This is

particularly relevant in areas where climate change leads to an increase of the posi-

tive correlation in environmental conditions (Wilmers et al, 2007). In this context,

this analysis is informative for managers interested in predicting and mitigating the

influence of global climate change on marine populations.
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Table 4.1: Summary Statistics (1988–2005)

Variable Mean Std. Dev. Min. Max.

Legal index, x 0.542 0.353 0.078 1.494
Harvest index, h 0.336 0.293 0.021 1.252
Stock index, y 0.869 0.646 0.099 2.746
Lobster price p 4.058 0.435 3.551 5.057

Table 4.2: Parameter Estimates and Standard Errors for Equation (4.16)

Param. Coeff. Std. Err. 95% C.I.

β0 0.3415*** 0.1041 [0.1166, 0.5664]
β1 0.8947*** 0.2031 [0.4559, 1.3334]
β2 -0.6216** 0.2474 [-1.156, -0.0871]
b 0.7847*** 0.1589 [0.4415, 1.1279]

ρ -0.3263

SSR 2.5022
σ2
ε 0.1925

DW original 2.3564
DW transformed 2.2367
R2 0.9032
N. of obs 18

Note: Single (∗), double (∗∗), and triple asterisks (∗ ∗ ∗) denote

significance at 10%, 5%,and 1% levels, respectively.
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Table 4.3: Comparative Statics on Expected Limiting Escapement (t = 100). Note:
the values for the base case are ρ = −0.3263, σ2

ε = 0.156, a = 1.407, p = 4.058,
ε = −0.911, ε = 0.636.

limt→∞ E(xt) xm xM

ρ = 0 2.9957 0.0024 3.1417
ρ = −0.3263 1.1766 0.0067 1.5189
ρ = −0.4895 0.8191 0.0096 1.1901
ρ = −0.1632 1.8005 0.0043 2.0759
σ2
ε = 0.2340 2.2849 – –
σ2
ε = 0.0780 0.4149 – –
ε = −1.3665 – 0.0014 1.5189
ε = −0.4555 – 0.0332 1.5189
ε = 0.954 – 0.0067 4.6258
ε = 0.318 – 0.0067 0.4988
a = 2.110 7.7361 0.0443 9.9869
a = 0.704 0.0470 0.0003 0.0607
p = 6.087 0.2030 0.0012 0.2621
p = 2.029 4.1971 0.0240 5.4183
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xt xt+1 xt+2

ht = q Tt xt ht+1 = q Tt+1 xt+1

Figure 4.1: Timing
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Figure 4.5: Stress Index for Long Island Sound. Data from CTDEP.
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Figure 4.6: Autocorrelation and Partial Function Stress Index
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Figure 4.7: Autocorrelation Function of the Stress Index variable
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Figure 4.8: DO for Long Island Sound. Data from CTDEP.
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Figure 4.9: Autocorrelation and Partial Function DO
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Figure 4.10: Autocorrelation Function of DO
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Figure 4.11: Estimated stock–recruitment growth function for the legal class
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Figure 4.12: long–run expected escapement as a function of the correlation coeffi-
cient of the random shocks
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Chapter 5

Concluding Remarks

This dissertation examines how environmental and anthropogenic factors and au-

tocorrelated disturbances affect the dynamics of an exploited renewable resource.

This objective is addressed in two ways. First, I investigate the relative importance

of high temperatures, low dissolved oxygen, and economically induced overfishing

in the die–off experienced by the American lobster fishery of Long Island Sound

after the fall of 1999. Second, I analyze the effects of temporally correlated environ-

mental disturbances on the stationary distribution of the dynamics of a harvested

population with an application to the LIS lobster fishery.

It is well known that excessive loadings of phosphorus and nitrogen can lead to

eutrophic phenomena and hypoxia, i.e., low dissolved oxygen in the water column.

Nutrient loadings can accelerate algal production in receiving waters, resulting in

a variety of problems that can have heavy ecological and economic consequences,

including clogged pipelines, fish kills, and reduced recreational opportunities (see

for example Carpenter et al, 1998; Caddy, 2000; Breitburg, 2002). Nutrient load-

ings originate from point and non–point sources. Point sources include discharges

from wastewater effluents, such as waste treatment plants, from industrial or waste

disposal sites that are easily measured and regulated. Non–point inputs come from

diffuse sources such runoffs from agricultural land or pasture, from urban runoff or
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atmospheric depositions, which are more difficult to measure and regulate.

Nutrient loadings are highly correlated with freshwater discharge from rivers,

but also depend on water–column stratification and water temperature. Tempera-

ture and bottom dissolved oxygen are negatively correlated; for instance, at higher

temperatures, oxygen consumption increases due to higher activity (Lee and Lwiza,

2008). It is believed that global warming may exacerbate the effects of eutrophi-

cation because it increases the frequency and the extension of hypoxic phenomena

in coastal waters by increasing water stratification and changing wind and rainfall

patterns as well as affecting riverine nutrient flux (Justic et al, 2003; Diaz and Rosen-

berg, 2008; Rabalais et al, 2009). This will have a large impact on fish populations

and fisheries by affecting natural mortality, growth rates and spatial distribution

(Roessig et al, 2004; Brander, 2010).

Hypoxia is a general problem in estuaries with shallow water such as the

Long Island Sound. Excessive nitrogen loading from sewage emissions and indus-

trial wastewater treatment is considered the primary cause of low dissolved oxygen

levels in Long Island Sound (Parker and O’Reilly, 1991; Lee and Lwiza, 2008).

A total in-basin nitrogen loading of 53 thousand tons per year originated mostly

from wastewater treatment plants (70 percent), evenly divided between riverine and

coastal sources with NY state being the larger contributor (NYDEC and CTDEP,

2000).

Several efforts have been made to restore the health of Long Island Sound,

primarily by reducing nitrogen loadings. Targets for dissolved oxygen for the bottom

waters of the Sound have been established in order to avoid the occurrence of hypoxic
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areas (LISS, March 1994). These targets were scheduled to be achieved in five

different phases, starting with a freeze of nitrogen loadings at 1990 levels, acting

mostly on sewage treatment plants, and new management tools such as stream

bank restoration and nutrient bioextraction were implemented (LISS, March 1994;

NYDEC and CTDEP, 2000).1 Despite efforts, loadings remain high, and hypoxia

still occurs.

The analysis in chapter 2 shows that economically induced fishing pressure

and low dissolved oxygen were the major factors underlying the die-off. In contrast

to what was previously indicated, water temperature was a minor contributor to the

die–off. This indicates that the health of the LIS lobster fishery is more sensitive to

pollution and economic factors driving overfishing than it is to temperature. It also

suggests that dealing with pollution alone, as some have suggested (e.g., Huang and

Smith, 2011), may not be sufficient, as it is important to address institutional failures

such as inefficient management as well. On this matter, the empirical results indicate

that increased fishing pressure due to a fall in operating cost relative to the price of

lobster was the principal short–run cause of the collapse of the lobster population.

This suggests that improving management efficiency is another important way of

mitigating the effects of low oxygen concentrations on coastal fisheries.

Thermal stratification also plays an important role in the occurrence of hy-

poxic phenomena in LIS (Lee and Lwiza, 2008). Knowing that global warming

may intensify such events, this analysis suggests that remedying existing inefficien-

1Such information is also available on the Long Island Sound Study:
http://longislandsoundstudy.net (accessed on November 2011)
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cies, such as hypoxia due to nutrient pollution and overfishing due to high fishing

pressure, may be the most important way to address likely problems arising from

climate change in coastal fisheries like the LIS lobster fishery. That being so, lobster

population and its fishery may be more effectively protected first by raising oxygen

concentration in LIS waters and then by reforming the ineffectiveness of the fishery

management. These are two inefficiencies that can be controlled through policy

intervention. For instance, hypoxia can be reduced by controlling nutrient loadings

from wastewater treatment plants, the largest source of nitrogen for LIS, and other

point sources. Nevertheless, improving environmental quality, e.g., increasing oxy-

gen concentrations, may not be sufficient to realize substantial welfare gains. In

fact, under inefficient management, improving habitat conditions may not provide

additional rent for the industry (McConnell and Strand, 1989). For instance, Smith

(2007) finds that in a rationalized fishing industry the gains in fishery rent from

reducing nutrient pollution are higher than in an open access fishery. Also, Eide

(2007) provides evidence that the effects of changes in fishery management are larger

than the effects expected by global warming. Therefore, as suggested by McConnell

and Strand (1989), it is important to address proper institutions failures like open

access to capture the benefits from pollution reduction and to mitigate the effects

of global climate.

Environmental conditions such as temperature are likely related to weather

patterns, and thus they can be serially correlated. The implications of correlated

environmental disturbances for the long run dynamics of harvested renewable re-

sources are analyzed in chapters 3 and 4. The theoretical model developed in chap-
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ter 3 allows me to show how the expected value of stock escapement depends on the

parameters determining the distribution of environmental shocks. In the application

to the American lobster fishery of Long Island Sound, chapter 4, I find evidence of

negative correlated disturbances that imply smaller range population fluctuations

than for the i.i.d. case. Results show that assuming i.i.d. environmental shocks

would largely overestimate the expected escapement and the range of its distribu-

tion. They also highlight the existence of a positive relationship between expected

stock escapement and the degree of correlation as well as with the variance of the

random shocks. The support of the escapement distribution is also largely influenced

by changes in the error and correlation terms of the process defining the environ-

mental shocks. Furthermore, the results from the numerical exercise show that the

population may experience ample fluctuations which could take a population like

the American lobster of LIS close to extinction.

The analysis suggests that it would be advisable to maintain a minimum pop-

ulation level and to increase the stability of the natural resource (population) in the

face of environmental variability. The creation of marine reserves has been proposed

as a solution against uncertainty and the risk of stock collapse (e.g., Shaffer, 1981;

Lauck et al, 1998; Grafton et al, 2005), especially for harvested populations. Fish-

ing pressure can increase the variability of exploited populations, but overfishing

can also lead to evolutionary changes, such as modifications to the average size at

maturity of individuals (Olsen et al, 2004; Anderson et al, 2009), with potentially

negative effects on recruitment and stability of the population (Olsen et al, 2004;

Anderson et al, 2009). Hence, the implementation of marine protected areas could
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reduce the effects on the demography of the population and foster the recovery of the

stock (Baskett et al, 2005), thus helping the conservation of the lobster population.

Overall, this analysis indicates that stricter regulation of nutrient emissions

and a more efficient management of the fishing industry may be the most effective

way to protect fisheries like the Long Island Sound lobster fishery. Also, given the

synergy between these factors, hypoxia and inefficient management should not be

considered as separate issues. This suggests that the measures to reduce hypoxia in

estuaries and coastal areas and fishery management strategies should be integrated

in a wider management policy scheme, i.e., integrating the management of nutrient

runoff with the better management of fish stocks in order to capture potential rents

from water quality improvements that would otherwise be dissipated. Benefits from

reducing oxygen depletion would not be limited to commercial fisheries, but they

would extend to other services obtainable from the marine ecosystem.

Finally, this analysis is informative for managers looking to design policies

aimed at predicting and mitigating the influence of global climate change on ma-

rine populations. The ability to form expectations about future production shocks

can help to improve the management of harvested renewable resources because it

provides information on how temporally correlated disturbances impact harvested

renewable resources. For example, when climate variability intensifies pollution

loadings, curbing pollution may diminish the magnitude of the random shocks. Fur-

thermore, to mitigate the effects of global climate change, it may be advisable to im-

pose stricter regulations of nutrient emissions in anticipation of more acute episodes

of hypoxia. More importantly, the establishment of marine protected areas could
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also improve the stability of the population by increasing the ability to sustain the

effects of the shocks. This is particularly relevant for species dwelling in areas where

climate change leads to an increase of the positive correlation in environmental con-

ditions which will be more likely to exhibit increasing fluctuations due to global

warming that could lead to their extinction.
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