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ABSTRACT

WATER QUALITY AND FISHERY IMPACTS

Fishery production is an important source of income for many people across the world. Ma-

rine and freshwater fisheries provide jobs in local communities and is also important for trade in

both developing and developed economies. Climate change and human activities pose a threat to

the fish production by changing habitat quality. Changes in fish production have direct impacts

on economic welfare (consumer and producer surplus) and the goal of fishery management is to

improve both biological and economic fishery outcomes. This dissertation explores the relation-

ship between fish production and various water quality indicators in the Estuary and Gulf of St.

Lawrence (EGSL) and examines the economic impact of changes in water quality in fisheries. It

examines the pathways through which water quality impacts fish stocks and subsequent impacts

on harvest and economic welfare, and suggests policies for fishery management. Chapter one

examines the impact of water quality in a marine fishery under regulated access. It particularly

focuses on how hypoxia impacts welfare in a large fishery that has different degrees of hypoxia.

Chapter two examines water quality in a freshwater fishery and focuses on the direct and indirect

mechanisms through which nutrient pollution impacts fisheries. Finally, chapter three acts as an

extension to chapter one, examining the impact of hypoxia on a marine species with an additional

assumption that the impact of this water quality indicator may be different at different life stages,

which may change the possible welfare impacts of variations in water quality.
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Chapter 1

Estimating water quality impacts in marine fisheries:

The case of the Northern Shrimp in the Estuary and

Gulf of St. Lawrence
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1.1 Introduction

There are numerous environmental disturbances that can affect commercially harvested marine

species and their habitat. For the Northern Shrimp (Pandalus borealis), these environmental im-

pacts include variations in temperature and oxygen concentration (Daoud et al., 2007, 2008, 2010;

Dupont-Prinet et al., 2013). While fluctuations in temperature are mostly attributed to climate

change, variations in oxygen concentration may be caused by both climate change and human ac-

tivities, and this is often used as an indicator of water quality (Rounds et al., 2013). In the Estuary

and the Gulf of St. Lawrence (EGSL), Canada, oxygen concentration has declined for seventy-

two years since 1930, with a drastic decline of 50% between 1930 and 1980 (Dupont-Prinet et

al., 2013; Gilbert et al., 2005). This decline in the EGSL has led to many areas being character-

ized as hypoxic. Specifically, hypoxia can defined as water having dissolved oxygen concentration

ranging from 18 -40%, with severe hypoxia being oxygen concentration below 22% (2 mg L−1)

(DFO, 2012). As hypoxia is most common in deep waters, species that inhabit deep waters are

likely to be dramatically affected by this decline in oxygen concentration (Gilbert et al., 2005). Its

impact, however, depends on temperature, salinity, the species overall tolerance and life history

stage tolerance to hypoxia (Roman et al., 2019; Dupont-Prinet et al., 2013; DFO, 2012; Claret et

al., 2018; Huang et al., 2010; Roman et al., 2019). For example, while species like the Atlantic

Cod die within days of being exposed to severely hypoxic conditions, other species like the North-

ern Shrimp may be more tolerant, given they routinely inhabit depths with lower dissolved oxygen

(DFO, 2012; Dupont-Prinet et al., 2013).

While numerous studies have examined the impact of hypoxia on fish harvest (Zimmerman &

Nance, 2001; Craig & Crowder, 2005; Massey et al., 2006; O’Connor & Whitall, 2007; Craig &

Bosman, 2013; Smith et al., 2014; Purcell et al., 2017), only a few economic studies have analyzed

the direct effect of hypoxia on fish stocks (Huang et al., 2010; Smith & Crowder, 2011; Massey et

al., 2006; Diaz & Solow, 1999). Analyzing the impact on stock is important because while shifts

in harvest from a particular fishery may be an indicator of fluctuations in stock, there are other

random or unrelated factors that may affect stocks and harvest (Vert-Pre et al., 2013). For instance,
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if fluctuations in harvest are actually caused by harvest regimes instead of environmental variation,

policy targeting environmental conditions would be unsuccessful at improving management of the

fishery (Vert-Pre et al., 2013). But in some fisheries, changing environmental conditions, such

as the shift to hypoxic conditions, are important. One difficulty encountered is that quantifying

the impact of hypoxia on fish stock entails isolating its effects from the effects of other covarying

environmental factors (Huang et al., 2010; Diaz & Solow, 1999). Huang et al. (2010) included the

effects of temperature and salinity, identifying effects that varied with hypoxia and controlling for

these. The inclusion of these covarying factors allowed the authors to make conclusions about the

impact of hypoxia on fish stock that could not have been drawn in previous studies (Diaz & Solow,

1999).

The EGSL is an example of a marine ecosystem that has been severely impacted by declining

oxygen concentration and even hypoxia, as well as other environmental factors. The Northern

Shrimp fishery in Atlantic Canada, including the EGSL, began in the 1960s and 1970s. The EGSL

shrimp fishery supports the livelihood of many workers, including First Nations and demand for

Northern Shrimp for commercial harvesting rose in the mid-1970s with the collapse of cod and

redfish stocks. Given the commercial importance of Northern Shrimp in the EGSL, the effects

of changes in hypoxia will have welfare impacts. Studies on the impact of hypoxia in North

Carolina and areas of the Gulf of Mexico show that hypoxia reduces harvest and a reduction in

the direct causes of hypoxia would increase fishery rents (consumer surplus and profits) (Smith

& Crowder, 2011; Huang et al., 2010, 2012). However, the welfare impacts of hypoxia depends

on fishery management. Under open access, while there may be marginal gains from improved

environmental conditions, economic rents from the fishery will dissipate in the short and long run,

regardless of environmental conditions, and the fishery will be over-exploited (Smith & Crowder,

2011). However, regulated restricted access fisheries often generate profits (Deacon et al., 2011;

Reimer & Wilen, 2013), at least in the short run, and improving environmental conditions serves

to benefit stakeholders while maintaining biological health of the stock.

3



Given the role of hypoxia in determining shrimp stock, it is important to analyze how changes

in hypoxic conditions impact fishery outcomes. The aim of this paper is to develop a bioeconomic

model under regulated access that will be used to quantify the economic impact of variations

in oxygen saturation, by analyzing the impact on the growth rate of shrimp stock, and resulting

harvest, and then estimating the welfare impacts of this effect on the commercial Northern Shrimp

fishery of the EGSL. Depending on whether regulatory conditions lead to rent dissipation or not,

the welfare effect of reducing hypoxic pressure in the fishery are measured in terms of changes

in consumer and/or producer surplus (profits). The bioeconomic model is used to inform a fixed

effects panel specification, which is used to empirically estimate the impact of oxygen saturation

on the Northern Shrimp fishery in the EGSL, using biological and environmental data from each

of the four Northern Shrimp fishing zones1 (Zone 8, 9, 10 and 12 shown in Figure 1.1) from 1990 -

2018. The estimated parameters are used in the bioeconomic model to simulate the welfare effects

of hypothetical policy changes that lead to a 5-percentage point increase in oxygen saturation

(reduced hypoxia).

The empirical results reveal an overall positive and significant relationship between oxygen

saturation and Northern Shrimp growth rate for all zones. Welfare estimates suggest large gains

for modest increases in oxygen saturation, with Zone 10 having the largest overall welfare gain and

Zone 12 having the smallest loss in profits. Under a 5-percentage point increase in average oxy-

gen saturation in each zone, overall welfare would have increased by CAN$2.2 million2 annually

from 1991 - 2018. These figures give an indication of the benefits of water quality improvement in

terms of the consumer and producer surplus associated with the Northern shrimp fishery. This con-

tributes to calls for land-use policies and should aid policymakers when making decisions about

correcting the underlying causes of hypoxia. Policies may include increased assistance to agricul-

tural producers to implement practices that reduce the flow of nutrients into water bodies, arising

from agricultural activities.

1Fishing Zones 0 - 7 and 13 - 16 are not in the Estaury and Gulf of St. Lawrence and are not examined in this paper.

2CAN$1 = US$ 0.87 in 1991, not seasonally adjusted (Board of Governors of the Federal Reserve System (US), n.d.)
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Figure 1.1: EGSL Northern Shrimp Fishing Zones 8, 9, 10 and 12; Source: DFO, Fisheries Management,
Quebec Region Fishery Characteristics

This study makes several contributions. First, most previous studies analyzed the impact of hy-

poxia by examining changes in fish harvest (Zimmerman & Nance, 2001; Craig & Crowder, 2005;

Massey et al., 2006; O’Connor & Whitall, 2007; Craig & Bosman, 2013; Smith et al., 2014; Pur-

cell et al., 2017). Our study adds to economic literature on the effect of hypoxia on marine species

by analyzing the relationship between oxygen saturation and shrimp abundance. Our approach

also incorporates biological information about the species in addition to critical environmental

conditions affecting Northern Shrimp. Interpretation of fisheries data to construct an appropriate

biological growth relationship requires knowledge of the population, which may be unavailable.

Our model uses logistic growth, reduces the number of assumptions that would have to be made in

the absence of detailed knowledge about the population, thereby reducing assumption bias and data

requirements (Maunder & Piner, 2014; Diaz & Solow, 1999). Using logistic growth, we were able

to find a significant relationship between environmental factors and shrimp stock. Our use of oxy-
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gen saturation to account for varying degrees of hypoxia allowed us to account for other covarying

environmental factors without having to explicitly include them in the model (Huang et al., 2010,

2012). Variation in hypoxic conditions is not the only source of variation in fish stock and it is

possible that the impact of hypoxia is obscured by variability in other environmental factors (Diaz

& Solow, 1999). The advantage of using oxygen saturation is that it also controls for the interac-

tion of key environmental conditions, such as temperature, salinity and atmospheric pressure, with

oxygen concentration. Finally, this is the first paper to analyze the economic impact of hypoxia

on a commercially important shrimp species in the EGSL. Our model allows us isolate the impact

hypoxia on Northern Shrimp stock and calculate the impact of changes in oxygen concentration

on welfare (consumer and producer surplus).

The rest of this paper is organized as follows: Section 1.2 gives a brief background of the

commercial fishery in the EGSL that will be analyzed, highlighting the state of shrimp stock, envi-

ronmental conditions and the biological motivation for the hypothesis on the relationship between

hypoxia and shrimp stock. Section 1.3 outlines the bioeconomic model and describes the evolution

of the fishery in response to habitat changes. In Section 1.4, the bioeconomic model is empirically

estimated using data from the Northern Shrimp fishery in the Estuary and Gulf of St. Lawrence

and the empirical results are presented in Section 1.5. In section 1.6, a numerical simulation un-

der different policy scenarios is discussed. In Section 1.7 the empirical and simulation results are

briefly discussed and finally, Section 1.8 concludes and gives policy recommendations.

1.2 Background

The Northern Shrimp is a protandrous hermaphrodite species, with individuals first reaching

sexual maturity as males, then changing sex and becoming females for the remainder of their

life (Bourdages et al., 2020). This has implications for spawning, since the targeted individuals

for harvesting are females. Variations in environmental conditions have been found to affect the

population dynamics of the Northern Shrimp. The environment in which the Northern Shrimp

develops have direct impacts on egg and larvae survival and also significantly affects the growth of
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juveniles and the growth trajectory of cohorts (DFO, 2020b; Pillet et al., 2016; Daoud et al., 2010).

Despite the observed impact of the physical environment on the Northern Shrimp, it is by far the

most abundant of all shrimp species in the Estuary and Gulf of St. Lawrence (EGSL) (DFO, 2014).

The Northern Shrimp is one of the most important crustaceans harvested in Canada and the

fishery began in the EGSL in 1965 when the first commercial catches were made. In the EGSL,

there have been changes in the commercial importance of different species over time, with vari-

ations in stock abundance. After the decline of the Atlantic cod stock in 1992, the commercial

fishing industry on Canada’s east coast underwent a period of change where groundfish has been

replaced by shellfish as the main harvested species (DFO, 2016). Together with snow crab and lob-

ster, the Northern Shrimp accounted for two-thirds of the total value of landings of marine species

in Canada in 2011 (DFO, 2016). In 2019, commercial fish landings in Québec was valued at 3.9

million. Shrimp catch accounted for 10% of this value (DFO, 2020a). The Northern Shrimp fish-

ery in the EGSL is regulated by the Department of Fisheries and Oceans, Canada and is divided

in four zones - Esquiman (Zone 8), Anticosti (Zone 9), Sept-̂iles (Zone 10) and Estuary (Zone 12)

(see figure 1.1). In order to enter the fishery, a fishing licence needs to be purchased and a limit of

111 licences was implemented in 1980. This implies that the fishery is a restricted access fishery,

characteristic of the world’s most valuable fisheries (Reimer & Wilen, 2013). In addition to fish-

ery licences, management measures for each zone includes a total allowable catch (TAC)3, which

limits fishing effort in each zone (DFO, 2020b) and aims to protect the ability of the population

to reproduce. Despite management measures, since 2015, commercial fisheries in the Estuary and

Sept-̂iles have seen declines in abundance of more than 60%, while Anticosti has experienced a

decline of 25%. Esquiman has modest declines of 29% for male and 8% for female shrimp. At the

same time, total allowable catch has increased in all zones (Bourdages et al., 2018; DFO, 2020b).

Low oxygen concentration has been identified as one of the main causes of Northern Shrimp varia-

3In conjunction with the TAC, fishery management allows an Individually Quota (IQ) scheme. However, there is not
a uniform scheme across groups within zones, as some zones prefer that the quota is not transferable. Where trading
occurs, this seems to be on a limited basis. Additionally, monitoring and enforcement of the IQ program have been
relatively insufficient, so the tradeable quota seems to be ineffective in influencing harvests and profits.
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tion in certain areas of the EGSL. Given the commercial importance of the species, understanding

how the response to changing environmental conditions is of interest to both policymakers and

stakeholders.

In the EGSL, deep water comes from the ocean and oxygen becomes more depleted as it flows

upstream, with oxygen concentrations reaching 18-25% in the St. Lawrence Estuary and at the

heads of Esquiman and Anticosti channels (Dupont-Prinet et al., 2013). In 2018, observed trends

in the decline of oxygen saturation between 1923 and 2017 was two times that of the decline in

saturation in other parts of the Atlantic (Claret et al., 2018). This deoxygenation is expected to

continue into the future and will continue to affect marine species as they lose favourable oxygen

conditions (Claret et al., 2018; Brennan et al., 2016). This is even more so, as climate change

increases warming and causes fishes to migrate to deeper waters. The decline in oxygen has been

observed to be most persistent in the Lower St. Lawrence Estuary (LSLE), which receives the

largest freshwater discharge in North America (Gilbert et al., 2005, 2007; Katsev et al., 2007).

The decline in oxygen concentration in the EGSL has been attributed to both climate change and

human-induced eutrophication. While climate-change and global warming has been found to in-

tensify naturally occurring hypoxia in the St. Lawrence River, hypoxia in coastal and estuarine

environments are considered to be mostly caused by human activities. In this case, an increase in

the influx of nitrates increases primary productivity and this contributes to the depletion of oxy-

gen in the bottom waters of coastal and estuarine systems. In the EGSL, the increase in hypoxia

has been shown to be positively correlated to increased land use for agriculture (Thibodeau et al.,

2006).

Low dissolved oxygen and hypoxia have been found to affect shrimp growth and mortality

through affecting the habitat quality (Huang et al., 2010; Chen et al., 2018). However, the impact

of dissolved oxygen depends on other abiotic factors such as salinity, temperature and water pres-

sure (Huang et al., 2010; Roman et al., 2019), as these factors impact the solubility of oxygen in

water. The solubility of oxygen decreases with increased temperature and salinity but increases

with atmospheric pressure. Oxygen saturation is a measure of how much oxygen is dissolved or
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how much oxygen water holds, as a percentage of the maximum oxygen concentration in seawater

(Basher & Costello, 2020; Kutty, 1987). For example, seawater at 10◦C with a salinity of 30 per-

centage points and at normal atmospheric pressure is considered fully saturated (100%) when the

dissolved oxygen concentration reaches 12 milligrams per litre (mg/L) of seawater. Alternatively,

with constant salinity but decreased temperature to 2◦C, the same water body will hold ∼4 mg/L

of dissolve oxygen at 100% saturation. Therefore, given that temperature and salinity remain con-

stant changes in oxygen saturation captures changes in oxygen demand, as aquatic organisms and

bacteria remove oxygen from water for respiration (Rounds et al., 2013). Hypoxia can be defined

oxygen concentration of 40% and can range from mild hypoxia (saturation ∼40%) to severe hy-

poxia (saturation ∼22% and below). A direct negative impact of hypoxia on the Northern Shrimp

was identified by Dupont-Prinet et al. (2013), where declining oxygen concentration negatively

impacts the ability of Northern Shrimp to maintain the maximum metabolic rate. It was found that

metabolic activities in both males and females were affected by hypoxia. The results of laboratory

analysis further indicated that Northern Shrimp stock could be affected by hypoxia through the

inflexibility in responding to metabolic demand such as foraging and migration, reduction is feed

intake and overall limiting the growth performance of shrimp (Dupont-Prinet et al., 2013; Breit-

burg, 2002; Craig & Crowder, 2005; Dupont-Prinet et al., 2013; Chen et al., 2018; Magnoni et al.,

2018). The impact on the growth rate may thus be through altering the physiological performance

Northern Shrimp or the habitat capacity to maintain the population, which results in increased

mortality (Breitburg, 2002; Dupont-Prinet et al., 2013; Craig & Crowder, 2005)

There are, however, large variations in stock abundance and oxygen concentration across zones

(see Figure 1.2. For example, in 2019, Northern Shrimp adult stock in Esquiman (Zone 8), An-

ticosti (Zone 9), Sept-̂iles (Zone 10) and Estuary (Zone 12) was approximately 23,184 tonnes,

19,314 tonnes, 19,914 tonnes and 3,980 tonnes, respectively. The large gap in adult stock be-

tween the first three zones and Zone 12 seen in 2019 was the general trend from 1990 - 2019

(DFO, 2020b). Similarly, average dissolved oxygen concentration from 1990 - 2019 was the low-

est in Zone 12. Average dissolved oxygen concentration from 1990 - 2019 ranged from 48.87%
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Figure 1.2: Bottom dissolved oxygen concentrations in the Estuary and Gulf of St. Lawrence in 2012 from
Dupont-Prinet et al. (2013)

- 61.64% in Zones 8, 9 and 12, while average concentration was 35.45%. In addition, over the

same period, dissolved oxygen concentration in Zone 12 fell below 22%, causing the zone to be

classified as severely hypoxic in certain years and mildly to moderately hypoxic in others. While

there is no evidence to suggest that hypoxia affects stock in Zone 12 different from the other zones,

the significant difference in stock between Zone 12 and the other zones implies a significant stock

effect that takes place in Zone 12 that does not occur in the other zones. Alternatively, the low and

interannual variability stock abundance in Zone 12 compared to other zones may be due to changes

spatial distribution in response to severely hypoxic conditions (Craig & Crowder, 2005; Zimmer-

man & Nance, 2001). There is, however, no evidence that hypoxia affects the spatial distribution

of Northern Shrimp between the four fishing zones in the EGSL.

1.3 Bioeconomic Model

In order to investigate the welfare impacts of changes in oxygen saturation, we develop a bioe-

conomic model that links oxygen saturation to fish production. The underlying assumptions of this

model are that oxygen saturation affects the biological growth of the fishery through the impact

on habitat quality (Coiro et al., 2000; Cochran & Burnett, 1996; Pérez-Castañeda & Defeo, 2005)
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and that the fishery operates under regulated access, which, as previously stated, is the prevailng

management regime of the EGSL Northern Shrimp fishery. Under these assumptions, changes in

oxygen saturation is likely to affect the productivity of the fishery, consequently, impacting con-

sumer and/or producer surplus. We further assume that changes in oxygen saturation does not

cause shrimp migration across fishing zones, thereby eliminating spatial spillover effects which

does not seem to be occurring in the Northern Shrimp fishery (see Section 1.2. We use a dy-

namic regulated access model where oxygen saturation affects shrimp growth through its impact

on habitat quality to gain insight into the impact of variations in oxygen saturation on welfare.

As discussed in section 1.2, the EGSL is federally managed by Fisheries and Oceans (DFO)

Canada. The DFO’s management plan includes a quota on total allowable catch (TAC) in each

shrimp fishing zone. Following Homans & Wilen (1997) let the regulator choose a quota for total

allowable catch (TAC) in each fishing zone, i, based on the zone stock size at the beginning of the

season.

Qit = Q(Xit) (1.1)

where i ∈ {1, 4} represents each zone and t is year. The quota on TAC is specific to each zone

and is assumed to be a function of its current fish stock, Xit. Harvest in each zone and period is a

function of fish stock and effort, such that:

Hit = H(Xit, Eit) (1.2)

We will assume that the total allowable catch is attained in each period, implying that

Hit = Qit

Assuming Hit ≥ 0 harvest, the regulator closes the fishing zone when the quota is attained.

The fishing industry produces effort through the use of capital, such as boats, fishing gear,

equipment, etc., and labour. The Northern Shrimp industry is assumed to adjust fishing effort in
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response to industry profits, where vessels enter or exit the industry in response to to previous pe-

riod profits (Knowler et al., 2001). This yields the following equation for fishing effort adjustment:

Eit − Eit−1 = ϕ(R(Hit−1)− cit−1Eit−1) (1.3)

where R(Hit−1) is fishing revenues and ϕ > 0 is an adjustment coefficient. R(Hit−1) is concave

in harvests such that RH > 0 and RHH < 0. cit−1Eit−1 is total cost of effort, which is linear in

effort. With ϕ being positive, it follows that (1)Eit > Eit−1 if profits are positive; (2) Eit < Eit−1

if profits are negative (loss) and; (3) Eit = Eit−1 if profits are 0. A higher value of ϕ suggests

that there is a stronger adjustment of effort to changes in profits or losses than lower values. For

example, fishers may be slower to enter the fishery when profits are being made than to exit when

there are losses, given the substantial capital investment usually required.

Finally, stock biomass is affected by oxygen saturation, which, as noted in section 1.2, is a

direct indicator of the presence of hypoxic conditions in the Northern Shrimp habitat. Let biomass

be represented as:

Xit = F (Sit− 1, Xit−1) +Xit−1 −Hit−1 (1.4)

where current shrimp stock in each zone Xit is determined by biological growth, F (·), previous pe-

riod stock, Xit−1, and harvest Hit−1. F (·) denotes shrimp growth as a function of previous period

water quality (oxygen saturation) and fish stock. Our assumption is that as oxygen saturation in-

creases, the carrying capacity of the marine habitat improves and thus biological growth increases,

such that dF
dS

> 0. Conversely, declining saturation implies deteriorating marine habitat and lower

biological growth, which has been observed for Northern Shrimp and other shrimp species (Bre-

itburg, 2002; Chen et al., 2018; Craig & Crowder, 2005; Dupont-Prinet et al., 2013; Huang et al.,

2010). Xit−1 −Hit−1 is previous period escapement (shrimp that survived harvest). Equation 1.4
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can be re-arranged as a dynamic equation describing the evolution of shrimp stock.

Xit −Xit−1 = F (Sit−1, Xit−1)−Hit−1 (1.5)

Shrimp growth will be described using the generalized logistic growth function presented in

Birch (1999). The biological growth function from equation 1.5 is therefore:

F (Sit−t, Xit−1) =
rXit−1(K(Sit−1)−Xit−1)

K(Sit−1)−Xit−1 + vXit−1

(1.6)

where r is the intrinsic growth rate of shrimp and K is carrying capacity, which is a function of

saturation. The value of v influences the functional form equation 1.6. v > 1 implies that the

maximum growth rate occurs when the stock is less than K/2 and v < 1 implies exponential

growth where growth rate exceeds K/2. Substituting for F (·) in equation 1.5 yields

Xit −Xit−1 =
rXit−1(K(Sit−1)−Xit−1)

K(Sit−1)−Xit−1 + vXit−1

−Hit−1 (1.7)

Equation 1.7 illustrates the generalized logistic growth relationship between oxygen saturation

and shrimp stock. Changes in oxygen saturation will directly impact carrying capacity, and thus

the stock of shrimp available for harvest in the subsequent period. For v > 1, shrimp growth is

described using a logistic growth function (Hvingel & Kingsley, 2006; Kar & Chakraborty, 2011).

If we assume a value of v = 1 + 1−K(Sit−1)
Xit−1

, then equation 1.7 becomes

Xit −Xit−1 = rXit−1(K(Sit−1)−Xit−1)−Hit−1 (1.8)

Equations 1.3 and 1.8 describes a dynamic model of a shrimp fishery, which incorporates the

influence of oxygen saturation directly into the evolution of the shrimp population.

The economic impact of variations in oxygen saturation can be estimated by determining how

they influence stock and harvest, and the resulting impact on welfare, through changes in consumer

and producer surplus. However, this impact depends on the institutional arrangements, which
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determine the rents to be derived from the fishery. To help characterize and interpret institutional

arrangements, adopt specific functional forms for shrimp market demand and revenues.

Given the large harvest in the EGSL Northern Shrimp zone relative to total market output,

changes in harvest is is likely to affect shrimp price. This can be represented through assuming

the industry is price-making, and prices adjust with changes is harvest. For tractability, we will

specify an iso-elastic demand function for Northern Shrimp such that

p(Hit) = kH
1

ϵ

it (1.9)

where ϵ is the price elasticity of demand. It follows that the revenue function in each period is now

R(Hit−1) = kHη+1
it for η = 1

ϵ
< 0.

Given that the Northern Shrimp fishery is regulated by a quota system, the quota chosen in each

time period puts a maximum cap on fish catch. As such, revenue in each period is restricted by the

allowable catch limit, R(Hit) = kQη+1
it . Following Reimer & Wilen (2013), we assume constant

returns to scale (CRS) technology, such that the marginal cost of effort is c = c(w, r), where w is

the wage rate and r is the rental rate of capital. Consequently, per period profits are

πit = kQη+1
it − cit(w, r)Eit (1.10)

Changes is producer surplus due to variations in oxygen saturation can be calculated using

equation 1.10. There could also be an impact on consumer surplus. For example, if the change in

oxygen saturation causes harvest to change from H0 to H1 then the change in consumer surplus

(CS) is

△CS =

∫ H1

H0

p(H)dH − (p1H1 − p0H0) = −
η[p1H1 − p0H0]

η + 1
(1.11)

Any changes in profits and/or consumer surplus are dependent on the assumptions about the

institutions governing management of the fishery. We can gain insights by examining different

institutional arrangements.
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In open access fisheries, the effort level chosen by the industry is predicated by the assumption

that entry continues until profits4 (and resource rents) are driven to zero and the fish stock is over-

exploited. A similar situation exists under regulated fisheries, except that the quota set by the

regulator ensures that a healthy fish stock is maintained. However, a quota on TAC does not

create well-defined property rights. Under regulated access, effort responds to profits and the

market expands as demand increases, causing effort to increase above the efficient level. Regulators

impose restrictions (such as shorter fishing season) to ensure that the total allowable catch is not

exceeded. Given the restriction on supply, effort will depend on the ex-vessel price of fish and will

adjust to meet the quota. However, with the restrictions imposed by the regulatory authority, costs

will also rise, resulting in the dissipation of profits5. The industry effort chosen will be the profit

dissipating level of effort and stock biomass will be constant. If the stock biomass is changing,

both the regulatory instrument and the industry decision on effort will change (Homans & Wilen,

1997). Profits will be dissipated in the long run as the industry quota doesn’t solve the problem of

the ’race to fish’ and overcapitalization of the fishery. In this scenario, it is also possible that profit

dissipation could occur in every period (Homans & Wilen, 1997).

However, a licensing program and other restrictions on fishing effort may delay profit dissi-

pation by limiting entry and exit. Licensing restricts the capital entering the fishery. Under a

restricted regulated access fishery like the Northern Shrimp fishery in the EGSL, licensing puts a

cap on the amount of capital in the fishery, by fixing the number of vessels, and thus restricts entry.

Licensing, however, creates ill-defined property rights since the marginal increase in effort by one

fisherman negatively impacts other fishermen. Licensing restricts the number of vessels entering a

fishery but does not usually limit the size or technological capabilities of the vessels. Additionally,

if labour is easily substituted for restricted capital, the effort exerted in a restricted access fishery

4Here, we differentiate between profit and resource rents. The former is a basic indicator of business performance of
firms, while the latter is for the evaluation of the contribution of resources and industry to economic welfare. In the
long run, observed profits are often used as an estimate of resource rent in a fishery (Asche et al., 2009)

5If management is able to provide a TAC that ensures that stock is higher than the open access level, there is the
potential for resource rents, despite profits being zero (Asche et al., 2009). This, however, does not occur partly
because of increased cost to catch the TAC and additionally because of the cost of the regulations.
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will be the same as under an open access fishery and profits (and resource rents) will dissipate

(Deacon et al., 2011; Reimer & Wilen, 2013). But under most scenarios, one would expect licens-

ing and other restrictions to inhibit entry and exit and thus prevent profit dissipation, at least in the

short run6. Such barriers to entry and exit may be why, despite the presence of a quota, the EGSL

fisheries consistently made profits over several periods (DFO, 2006b). While there may be profits

in the short run, this competition in the fishery still leads to rent dissipation in the long run and

zero profits due to the resource being shared (Asche et al., 2009). We therefore have two possible

scenarios for a regulated restricted access fishery:

Case 1. Short Run Profit Dissipation.

The regulator chooses a binding quota Qit = m + bXit (Homans & Wilen, 1997) on TAC

yearly, based on biological consideration. We assume that there is no restriction on capital and

accompanying labour entering (leaving) the fishery quickly, in response to profits (losses), subject

to the maximum7 amount of capital allowed by the regulator. In the short run, the industry can

increase (decrease) fishing effort by latent effort entering the fishery (Holland, 2011), increasing

capital per boat (Stollery, 1986; Karpoff, 1985) or increasing labour (depending on substitutability)

in response to perceived marginal cost. However, as in many fisheries, the regulator closes the

fishery to prevent over-exploitation, resulting in increasing marginal cost of effort. We assume that

marginal cost of effort to be a function of return on capital and the wage rate, cit = cit−1(w, r). If

there are no other restrictions that limit effort in the fishery, the ’race to fish’ will result in profit

and resource rent dissipation in each period. The rent dissipating level of effort is

Eit−1 =
k(m+ bXit−1)

η+1

cit−1

(1.12)

for Hit−1 = Qit−1 = m + bXit−1. When biomass changes, both the regulator instrument and the

industry effort changes such that a temporary equilibrium is reached in every time period t. Effort

6Resource rents and profits cannot be used interchangeably in the short run. Out short run analysis focuses on profits
since resource rents are dissipated in the short run even under restricted regulated access

7The maximum of capital is set by the number of licences allocated to the fishery.
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in each period is dependent on stock and the regulatory parameter. Effort is further dependent on

the elasticity of demand such that, if −1 < ϵ < 0(η < −1), dE
dX

< 0 and if demand is elastic

ϵ < −1(−1 < η < 0) then dE
dX

> 0. If the regulator increases the quota in response to increased

stock, under our zero profit assumption, changes in biomass would lead to changes in aggregate

revenues but total industry profits are zero. Only consumer surplus is impacted as industry prices

change in response to increased harvest. This is characteristic of a regulated open access fishery

with short-run rent dissipation.

Case 2. No Short Run Profit Dissipation.

The regulator chooses a quota Qit = m + bXit. The fishery continues to attract effort as long

as profits are positive and effort will decline if there are losses. However, licensing and other

restrictions (e.g. season length) on fishing effort results in slow entry so that there can be nonzero

profits in the current time period t, but not in the long run (Stollery, 1986). Short-run profits

(losses) are made as the fishery transitions to the equilibrium level of industry effort. In addition

to the binding quota, effort in each time period is restricted by the regulator through licensing and

other measures, such that Eit−1 = Ēit−1 is the limit determined by the regulator. The maximum

effort can be defined as

Ēit−1 =
m+ bXit−1

h̄it−1

; h̄it−1 =
Hit−1

Ēit−1

(1.13)

where hit is catch per unit effort (CPUE). Equation 1.13 gives the effort required to catch the entire

quota, and as such, puts an upper limit on the effort allowed allowed to enter the fishery. Profits

are then residually determined by

πit−1 = k(m+ bXit−1)
η+1 − cit−1Ēit−1 (1.14)

Substituting for the maximum allowable effort in equation 1.13:

πit−1 = k(m+ bXit−1)
η+1 − cit−1

m+ bXit−1

h̄it−1

(1.15)
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Here, profits are a function of biomass, and changes in biomass will lead to changes the harvest

quota and therefore profits. As the harvest quota changes, prices and consumer surplus will also

change.

In the following sections, we will apply the model outlined above to the Northern Shrimp

fishery in the EGSL by empirically estimating the impact of changes in oxygen saturation on

Northern Shrimp growth rate. We will then use the results of the estimation, combined with the

above bioeconomic model, to find welfare impacts of changes in oxygen saturation.

1.4 Empirical Strategy

We develop an empirical approach combined with the bioeconomic model to test the hypothesis

that growth in the Northern Shrimp stock in the EGSL is positively impacted by increases in oxygen

saturation. We employ a fixed effects panel analysis using data from the Northern Shrimp fishery

in the EGSL for the four fishing zones over 1990 to 2018. Our empirical model assumes the

impact of oxygen saturation is the same across all four zones, and as such, pools data on stock

and oxygen concentration to identify the common impact across groups 8. With no evidence of

significant differential impacts of oxygen saturation across zones, our pooled data allows us to

have more information and improve efficiency. We will, however, use fixed effects to control for

other individual zone characteristics. Equation 1.8 can be re-written as a growth equation and will

be adapted to include zone-specific dummy variables as illustrated in the equation below:

Xit −Xit−1

Xit−1

= α1 + r(K(Sit−1) + rXit−1 + α2
Hit−1

Xit−1

+Dz +
5∑

q=3

10∑
z=8

αqDzXit−1 + ϵit (1.16)

where Dz is a zone-specific dummy variable. For our model, we use Zone 12 as the reference

zone, such that the dummy variables included are for Zones 8, 9, and 10 and z ∈ {8, 9, 10}.

For our application to the Northern Shrimp fishery in the EGSL, we will include zone specific

stock effects. This is to specifically control for observed interannual variations in shrimp stock

8Biological study on the impact of hypoxia on Atlantic cod in the EGSL suggests uniform impact of hypoxia across
zones (Lavaud et al., 2019).
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as well as significantly lower shrimp stock in Zone 12, compared to other zones. As such, our

specification of equation 1.16 will include an interaction variable that captures zone specific stock

effects. This allows the impact of stock to have a different impact on the growth rate of shrimp

stock in each zone. ϵ is the error term that is assumed to a normally distributed i.i.d. term.

For the period being analyzed, we will assume a linear relationship exists between Northern

Shrimp carrying capacity and oxygen saturation such that9

K(Sit−1) = ωSit−1 (1.17)

With this functional form, we assume that some amount of oxygen saturation is essential for species

survival, such that if Sit−1 = 0, the species will be driven to extinction. This is supported by the

biological literature (Dupont-Prinet et al., 2013; Purcell et al., 2017). Combining equations 1.16

and 1.17 and incorporating our assumption that harvest equals quota in every period (see equation

1.3) yields

Xit −Xit−1

Xit−1

= α1 + β2Sit−1 + β3Xit−1 + α2
Hit−1

Xit−1

+Dz +
5∑

q=3

10∑
z=8

αqDzXit−1 + ϵit (1.18)

where β2 = rω and β3 = −r

Our parameter of interest in equation 1.18 is β2. This gives the impact of variations in oxygen

saturation on the growth rate of Northern Shrimp stock. If the β2 is zero, we fail to reject the null

hypothesis that oxygen saturation does not impact the growth rate of Northern Shrimp. If β2 is

non-zero, we reject the null hypothesis.

9Biological literature suggests that a quadratic relationship exists between oxygen saturation and carrying capacity,
with carrying capacity declining at saturation levels above 100%. This specification was tested using data from the
EGSL Northern Shrimp fishery from 1990 - 2018 but similar results were obtained, suggesting no improvement above
the linear specification.

19



1.4.1 Data Description

To investigate the impact of oxygen saturation on Northern Shrimp stock in the EGSL, we uti-

lize fishery and environmental data from 1990 - 2018. The key variables used to estimate equation

1.18 are summarized in Table 1.1; the remaining variables listed in the table are used in our policy

simulations and welfare analysis (see Section 1.6). The outcome variable of interest is the growth

rate of shrimp stock. Stock biomass10, harvest and TAC data was obtained from the the 2019

Québec Region Northern Shrimp stock assessment. The stock assessment reports data collected

from programs implemented to monitor the fishery and population status on an annual basis. Data

is obtained for each zone and is annualized. A research survey is conducted every year in August

from a DFO vessel and is used for calculation biomass indices using a geostatistical method. The

dependent variable was obtained by calculating the percentage change in total shrimp stock.

Table 1.1: Variable Description

Variable Name Source

Xit Total shrimp stock Bourdages et al. (2020)
Sit Average oxygen saturation Galbraith et al. (2019)
Qit Total allowable catch (tonnes) DFO (n.d.-b)
Hit Total harvest (tonnes) Bourdages et al. (2020)
pt Ex-vessel price per kg Estimated
ct Cost per unit effort Estimated
π Profit Calculated

The explanatory variable of interest is oxygen saturation. Data on oxygen saturation was ob-

tained from the Department of Fisheries and Oceans’ (DFO) Atlantic Zone Monitoring Program

(AZMP) and other DFO surveys along with the 2018 report on the physical oceanographic con-

ditions in the Gulf of St. Lawrence (Galbraith et al., 2019). The 2018 report also includes data

10Juvenile shrimp abundance was provided in numbers per zone. To find aggregate abundance, juvenile shrimp
abundance in tonnes was estimated using a function for the length-weight relationship. Juvenile shrimp was as-
sumed to have average carapace length 12.5mm (Bourdages et al., 2020) and average weight was estimated as
Wit = aij ∗12.5

bij . Parameters for length-weight relationship were obtained from Bourdages et al. (2020) of North-
ern Shrimp in tonnes was provided for each of the four zones. The weight-length relationship estimated in 1993 was
used for the 1990-2004 period.
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on surface and deeper layers temperature, salinity and dissolved oxygen. In each year, oxygen

saturation is recorded at different longitudes and latitudes on a monthly basis. Oxygen saturation

levels account for fluctuations in temperature, salinity and pressure changes. For the period, 37

million observations were received, which were each assigned a fishing zone and then aggregated

to an annual level. Additional data required for modeling includes harvest, quota and other envi-

ronmental variable. Landing data was used to represent harvest and this may differ slightly from

catch data as some landing observations had to be removed from the catch analyses because they

were missing or incomplete. Landings were obtained from fishermen logbooks. Quota for total

allowable catch was obtained from the DFO Notice to Fish Harvesters. The DFO sets the quotas

for the next year based on the projected harvest levels obtained by applying the decision rules of

the current precautionary approach. Average annual oxygen saturation was obtained from Gal-

braith et al. (2019). Table 3.2 gives summary statistics for the variables of interest in our empirical

estimation. From our summary statistics we note the difference in stock between Zone 12 and all

other zones. We also see that Zone 12 has the lowest average oxygen saturation between 1990 -

2018, with a minimum of 21%, making it the only zone that experienced severe hypoxia during

the period of analysis. Zones 9 and 10 experienced mild hypoxia during the same period.

Other fishery and environmental data was collected even though were not used in empirical

testing. Catch data is required for numerical simulations under different institutional setting and

was obtained from the 2019 Québec Region Northern Shrimp stock assessment. Catch data from

fishermen logbooks corresponds to a catch and an effort realised by a vessel for a fishing day in a

given location and is used to calculate catch per unit effort (CPUE). CPUE takes into account the

changes in the fishing capacity and seasonal fishing patterns. Data on dissolved oxygen concentra-

tion, surface and bottom layer temperature, and salinity was retrieved from DFO surveys and may

be useful for robustness checks.

Determining the consumer and producer surplus impacts of changes in oxygen saturation re-

quires the price of harvested Northern Shrimp and production costs. The annual ex-vessel price

of shrimp in each zone was estimated using isoelastic demand (see equation 1.9). We used price

21



Table 1.2: Summary Statistics

Variable Mean Std. Dev. Min. Max.

Zone 8-Esquiman
Xit

a 31263.64 13719.37 7458.80 62937.47
Sit

b 61.64 8.73 48.82 93.80
Qit

c 7088.29 2195.92 1117.50 10452.00
Hit

d 7207.60 1993.22 3149.00 10243.59
Zone 9- Anticosti

Xit 48393.97 23594.36 16233.19 108719.08
Sit 57.86 10.59 39.70 95.11
Qit 8034.55 2231.67 4200.00 12456.90
Hit 7471.59 1976.31 4162.00 10429.00

Zone 10- Sept-̂iles
Xit 61507.13 28418.24 15149.29 122848.14
Sit 48.82 12.68 29.97 95.11
Qit 10965.32 3844.61 4267.00 15995.00
Hit 10678.12 3840.51 4174.56 15972.00

Zone 12- Estuary
Xit 2308.94 1128.83 343.59 5159.64
Sit 35.12 10.39 21.17 79.76
Qit 1037.03 1416.33 239.00 8288.00
Hit 780.59 245.04 214.31 1117.17

29 observations for each variable in each zone
a Annual shrimp stock measured in tonnes.
b Percentage oxygen saturation, corrected for outliers.
c Actual quota on actual total allowable stock, measured in tonnes.
d Annual shrimp harvest, measured in tonnes.
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Figure 1.3: Correlations between shrimp growth rate and oxygen saturation
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elasticity of demand of -0.5 to estimate price in each year, which is the average price elasticity

across all zones during the period being examined. Per unit cost of effort was unavailable and was

estimated for each zone based on the annual revenue. It was estimated that between 65% and 72%

of annual revenues go toward shrimp fishery operating and maintenance expenses in 2004. These

expenses include those expenses related to fishing operations/activities, including labour. The es-

timates of labour expenses include the amount paid to hired skipper and amount paid to crew net

of crew contribution to operating expenses but did not include the amount paid to owner(s) or

owner(s) employed as crew (DFO, 2006a). Given the lack of direct information on fishing cost,

estimates were obtained using the 2004 Cost and Earnings Survey, Atlantic Region (DFO, 2006a).

We estimated total cost estimated as approximately 30% of annual revenues in 2004. This percent-

age of total revenues was adjusted using Canada’s annual producer price index (Statscan, n.d.) in

each year. Finally, outliers were removed from each data series. The interquartile range (IQR) was

used to determine outliers with the lower and upper bounds for observations being determined by

Q1 − 1.5 ∗ IQR and Q3 + 1.5 ∗ IQR, respectively. To preserve as many data points as possible,

observations above the upper limit and below the lower limit were replace with these bounds.

1.5 Estimation and Results

The fixed effects estimation pools the data from all four zones and restricts the parameters to

be equal. There is no evidence to suggest that the impact of the regressors would systematically

differ across zones. A Chow test was performed on the parameters independently estimated. It

failed to reject the null that there was no difference in the marginal effects of saturation for each

zone. However, the test rejected the null that the marginal effect of stock was the same in Zone 12

and all other zones. This supports our use of the Zone 12 interaction variable, which allows the

stock effect to be different in Zone 12. The Durbin-Watson test for first order autocorrelation and

Breusch-Pagan tests for heteroscedasticity were performed on the individually estimated equations.

The tests failed to reject the null hypothesis for zero autocorrelation but heteroscedasticity was
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indicated in our main equation. Robust standard errors were used but this did not have a large

impact on the standard errors and the parameter significance remained unchanged.

1.5.1 Main Results

Table 1.3: Estimation Results

(No FE) (FE) (FE) (FE)
VARIABLES Growth Rate Growth Rate Growth Rate Growth Rate

Sit−1 0.669** 0.778* 0.808* 0.544

(0.321) (0.463) (0.443) (0.359)
Xit−1 -0.000319* -0.000589** -0.0274*** -0.000416***

(0.000170) (0.000240) (0.00827) (0.000155)
Qit−1

Xit−1

8.271 8.935 -9.912 -5.761
(17.43) (17.57) (17.59) (17.74)

D8 -1.848 -44.43
(20.16) (33.72)

D9 14.52 -45.91
(21.21) (32.72)

D10 26.88 -61.92*
(20.99) (32.36)

D12 56.25*
(32.53)

D8 ∗Xit−1 0.0259***
(0.00826)

D9 ∗Xit−1 0.0266***
(0.00826)

D10 ∗Xit−1 0.0271***
(0.00826)

D12 ∗Xit−1 -0.0263***
(0.00909)

Constant -19.51 -25.17 47.18 -4.012
(19.07) (20.17) (29.05) (22.57)

Observations 112 112 112 112
R-squared 0.066 0.099 0.202 0.148

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Table 1.3 gives the estimation results for equation 1.18. We begin our estimation using simple

OLS without fixed effects, as shown in column 1. In our pooled regression, the impact of saturation

is positive and significant. However, the variable representing the impact of the quota has a positive

sign, implying that as the quota, in proportion to overall stock, increases, growth rate also increases.

This is unexpected and inconsistent with our bioeconomic model. In our second regression, zone

fixed effects were used. Our results in column 2 indicate that saturation is insignificant when

controlling for zone specific effects. However, the sign on the quota variable is again positive.

The impact of previous stock is significant in both specifications. Given the apparent significance

of previous fish stock in determining the current growth rate of fish stock, we included interaction

terms, capturing the differential impact of stock withing each zone in determining growth rate. The

results are reported in columns 3 and 4.

In our third specification, all variables had the expected signs. Our variable of interest is oxygen

saturation, which was found to have a positive and significant effect on the growth rate of fish stock.

The coefficient on saturation, β2, is 0.808. This implies that rω = 0.808, where r represents the

intrinsic rate of growth of shrimp stock. Given a positive rate of growth, the impact of oxygen

saturation on the Northern Shrimp carrying capacity is also positive. The null hypothesis that

oxygen saturation impacts on Northern Shrimp growth rate in the EGSL cannot be rejected. The

coefficient on previous stock β3 = −0.0274, is the negative of the intrinsic growth rate of shrimp

stock. That is, β3 = −r = −0.0274. As indicated by the literature, the negative sign implies

density dependence. That is, as stock size increases, competition leads to a lower growth rate of

shrimp stock. Assuming r = 0.0274, we can derive a value for ω in our saturation equation (see

equation 1.17). The saturation coefficient implies that a 1-percentage point increase in oxygen

saturation would lead to an increase in carrying capacity of 29.49 tonnes, on average. The other

variables in our chosen equation had the correct signs. As suggested by the literature, an increase in

the quota relative to stock has a negative impact on the growth rate of shrimp stock, β4 = −9.912,

suggesting that the fishery stock is is lower than the maximum sustainable yield. Changes in

the relative quota, however, are insignificant in explaining shrimp growth rate. In equation 3
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we included dummy variables and dummy-stock interaction terms for Zones 8, 9 and 10. All

interaction terms were positive and significant, with almost identical values. The coefficients on

the interaction terms suggest that previous stock has a less negative impact on the growth rate in

Zones 8, 9 and 10 relative to Zone 12.

To highlight this impact in Zone 12, a final estimation was done, which only accounted for the

effects in Zone 12. In equation 4, only a Zone 12 dummy an dummy-stock interaction term were

included. Here we see that an increase previous stock size more significantly lowers the growth

rate in the Estuary (Zone 12) relative to the other zones. In Zone 12, the coefficient on previous

stock is 0.026 lower than other zones. This implies that an increase in previous stock leads to

more competition and lower overall growth rate than in other zones. This impact in Zone 12 is

significant and suggests that the environmental carrying capacity in Zone 12 may be lower than in

the other zones. Additionally, when only the specific effects in Zone 12 are included, saturation

becomes insignificant, further highlighting the the zone-specific stock effects.

1.5.2 Robustness

A robustness check was performed to see if the model results were affected by a different

measure of hypoxia. Oxygen Saturation was replaced by dissolved oxygen (DO) in the third spec-

ification, while controlling for changes in cold intermediate layer temperature (T) and salinity (S).

Dissolved oxygen was found to have a significant positive impact on shrimp growth rate. Alterna-

tive specifications for the impact of oxygen saturation were also used. The original model assumes

a linear impact of oxygen saturation on carrying capacity. Log and quadratic specifications were

employed and the results were similar to that of the linear specification. We tested for interactions

between oxygen saturation and shrimp abundance. All models testing the various ways oxygen

saturation could impact the growth rate of shrimp stock resulted in oxygen saturation have a con-

sistent, positive impact on the growth rate of shrimp stock. Finally, to verify the assumption that the

impact of oxygen saturation was not significantly different across zones, we estimated the model
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for each individual zone. The results are reported in Appendix A.2. When the zones were analyzed

individually, oxygen saturation was found to be insignificant in explaining shrimp growth rate.

1.6 Welfare Effects

From the data provided on oxygen saturation in the four commercial Northern Shrimp fishing

zones in the EGSL (see table 3.2), we see that only one of the four zones experiences moderate

to severe hypoxia (oxygen concentration 40% and below). Zone 12 has oxygen concentration av-

eraging 35% between 1990 and 2018, with some years having oxygen concentration below 22%.

For the other zones, average oxygen concentration over the same period was not below 48%. Our

policy simulation therefore focuses on the minimum increase in oxygen saturation required for the

critical Zone 12, that has experience moderate to severe hypoxia. For Zone 12, a 5-percentage

point increase in average oxygen saturation would cause oxygen saturation to increase above the

critical level. However, increasing the oxygen concentration in Zone 12 by 5% cannot occur with-

out also increasing oxygen saturation in all other zones. As discussed in Section 2, oxygen levels

and hypoxic conditions are attributed to the combination of anthropogenic nutrient loads and un-

derlying environmental factors across the entire EGSL, and it is impossible to target one fishing

zone for an improvement in oxygen saturation. Without explicitly modelling the underlying causes

for hypoxia in the EGSL, our counterfactual policy simulations will assume a 5-percentage point

increase above average oxygen saturation across all zones from 1991 - 2018.

Using the parameters from Table 1.3, we simulate changes in the growth rate of Northern

Shrimp stock in the EGSL in response to exogenous policy shocks to oxygen saturation under

the two cases outlined above. First, equation 1.18 along with the estimated parameters, assuming

existing oxygen saturation levels, was used to create a base case for our simulations. Second,

the base case model was calibrated using actual data - stock was initialized as the actual stock in

1990 and the growth rate for each year from 1991 - 2018 was estimated using actual observed

oxygen saturation and the implemented quota for each year. Our final step was to perform the

policy simulation of a 5% increase in oxygen saturation to determine the consequent impacts on
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welfare, using the data on price, cost and profit (see Table 1.1 and Section 1.4.1). These steps

were undertaken for two counterfactual cases (rent dissipation and no rent dissipation) outlined in

section 1.3.

The average oxygen saturation for each zone from 1990 - 2018 was determined and was then

increased by 5-percentage points. This was used as the level of oxygen saturation in each year

for each respective zone. Given our assumption that the entire quota is fished each year, so Hit =

Qit, an additional parameter estimation for our quota rule was necessary. Using actual quota and

stock observations, we estimated parameters m and b from the quota rule, Qit = m + bXit (see

Appendix C.1. These parameters were then used to derive a quota estimate from estimated stock

and, consequently, estimated harvest in each year.

If rents dissipate as in Case 1, then changes in oxygen saturation will impact only consumer

surplus. This was implemented in the base calibration by equating total revenues to total cost.

The estimated growth rate, stock and harvest were calculated under the scenario of a 5-percentage

point increase in oxygen saturation, using the quota decision rule and the estimated parameters

from equation 1.18. Changes in total revenues are exactly balanced by an opposite change in total

cost, ensuring that profits are always zero. Changes in consumer surplus were then calculated using

equation 1.11, where p0 and H0 are price and harvest in the base case (before the change in oxygen

saturation).

If rents do not dissipate (Case 2), both consumer surplus and profits will be affected. To

implement this case, profits were calculated in the base calibration using equation 1.10. Using

the estimated parameters from equation 1.18 along with our quota decision rule, we estimated

the growth rate of shrimp stock, annual stock and harvest, resulting from the 5-percentage point

increase above the average oxygen saturation for each zone. The change in consumer surplus and

profits were calculated. The change in profits were calculated as the difference between profits in

the counterfactual and the base case. Changes in consumer surplus was calculated using equation

1.11.
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Additionally, a price floor, which was the minimum observed price in each zone, was im-

plemented in each of the counterfactual cases to ensure that prices did not fall too low, as harvest

changed. The change in consumer surplus and profits were discounted to 1990 using a 5% discount

rate in the base case and counterfactual.

1.6.1 Simulation Results

The impact on stock evolution over time of a 5-percentage point increase in oxygen saturation

above the mean for each zone, compared to the base case, is illustrated in Figure 1.4. In all zones,

Figure 1.4: Stock evolution in base model and counterfactual with 5-percentage points increase in oxygen.

Northern Shrimp stock would have been higher than the base case in all years with an increase

in oxygen saturation. Simulations show that the stock would have increase until year 2000 then

remained relatively stable, if in each year oxygen saturation is maintained at 5-percentage points

above the current zone averages.
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The results of simulation under Case 1 are presented in table ??. Under the assumption that

rents are dissipated even in the short run, the increase in oxygen saturation would only impact

consumer surplus. When rents are dissipated, the increase in revenues from the increase in stock is

exactly offset by the increase in total cost of fishing. Exit and entry results in a level of effort that

causes profits to dissipate. Nonetheless, there is an overall increase in consumer surplus from 1991

-2018 in all zones. The change in consumer surplus arises as a result of the fall in prices due to

increased stock and harvest. The change in consumer surplus is dependent on the price elasticity

of demand and are positive or negative depending on the change in price. The largest increase

in welfare occurs in Zone 10, while Zone 12 has the smallest increase in welfare. This result is

driven by the fact that actual stock in Zone 10 was cumulatively higher than all other zones over

the period of analysis. Further increases in stock cause a reduction in price similar to other zones.

However, given the volume of fish harvested and sold in Zone 10, the overall welfare gain will be

the highest. The overall discounted change and annual average discounted change in welfare from

1991-2018 across all zones are approximately CAN$146 million and CAN$5 million, respectively,

under Case 1 (see Table ??).

Table 1.4: Case 1 change in consumer surplus (CS) with a 5-percentage point increase in oxygen saturation
above mean from 1991 - 2018.

Zone Total change in CSa (CAN$) Average annual change in CSb (CAN$c)

Esquiman 7,986,275 285,224
(Zone 8)
Anticosti 48,570,421 1,734,657
(Zone 9)
Sept-̂iles 89,492,964 3,196,177
(Zone 10)
Estuary 117,061 4,180
(Zone 12)
All Zones 146,166,723 5,220,240

a Total change in consumer surplus (CS) in Canadian dollars (CAN$) is estimated as a present
value from 1991 - 2018 using a 5% discount rate.
b Annual average change in consumer surplus (CS) is the present value total, averaged over 28

years (1991 -2018).
c In 1991, CAN$1 = US$ 0.87
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The increase in oxygen saturation does affect profits in Case 2, where the licensing and quota

scheme prevents the ‘race to fish’ and the associated production externalities. Table 1.5 reports the

change in net present value profits in each zone for Case 2 from 1991 - 2018 if oxygen saturation

was 5-percentage points higher than the zone average. Profits are positive in each year for all

zones. The change in net present value profits is either positive or negative each year, with an

overall change in net present value profits in all fishing zones, ranging from -14% to -1%. If

baseline oxygen concentration is above average, policy that maintains average saturation causes

stock and harvest to fall. With this fall in harvest, price and profits may increase, depending on

the magnitude of these changes. However, in most years, a 5-percentage point increase above the

average oxygen saturation for each zone resulted in higher oxygen saturation than actual observed

in each year. This resulted in an increase in stock and harvest above observed stock and harvest.

Given our assumptions about how prices change in response to harvest, as harvest increases, prices

decrease. Assuming inelastic demand, this fall in price leads to an reduction in total revenues (as

the demand for the good does not increase in proportion with the fall in price). As such, the more

inelastic the demand for Northern Shrimp, the higher the losses to producers from improvements in

oxygen saturation. Zones with higher baseline stocks experience larger declines in overall profit,

as prices prices decline at a constant rate in response to the increase in harvest. The smallest

reduction in profits is seen in Zone 12, reflecting very small changes in price and harvest with the

small increase in oxygen saturation. The effect in Zone 12 is precipitated by the pre-existing low

stock.

In Case 2, the price changes also lead to changes is consumer surplus. While changes in overall

profits are negative, overall changes in welfare are positive in all zones, indicating a net benefit from

increasing oxygen saturation. Welfare increases in three of the four zones. The largest increase in

welfare is for Zone 10, approximately CAN$80.4 million, driven by the large change in consumer

surplus. Given the decline in profits in Zone 12, there is a very small welfare gain of approximately

CAN$83,360 over the 28-year period. The discounted change in overall welfare from 1991 - 2018

across all zones is approximately CAN$129 million under Case 2, which amounts to an annual
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average change of CAN$4.6 million (see Table 1.5, with a 5-percentage point increase in oxygen

saturation.

Table 1.5: Case 2 welfare change with a 5-percentage point increase in oxygen saturation above mean for
each zone from 1991 - 2018.

Zone
Total change in Total change in Total change in Average annual change in

CSa (CAN$) Profitb (CAN$) Welfarec (CAN$) Welfared (CAN$)

Esquiman 7,986,275 - 1,266,693 6,719,582 239,985
(Zone 8)
Anticosti 48,570,420 -6,706,011 41,864,409 1,495,157
(Zone 9)
Sept-̂iles 89,492,964 -9,070,236 80,422,728 2,872,240
(Zone 10)
Estuary 117,061 -33,703 83,360 2,977
(Zone 12)
All Zones 146,166,723 -17,076,645 129,090,078 4,610,360

a Total change in consumer surplus (CS) in Canadian dollars (CAN$) is estimated as a present value from
1991 - 2018 using a 5% discount rate.
b Total change in profits or producer surplus (PS) in Canadian dollars (CAN$) is estimated as a present

value from 1991 - 2018 using a 5% discount rate. Total revenues are calculated using demand elasticity of
-0.5.
c Total change in welfare in Canadian dollars (CAN$) is estimated as the sum of present value profits and

consumer surplus from 1991 - 2018.
d Annual average change in consumer surplus (CS) is the present value total, averaged over 28 years (1991

-2018).

1.7 Discussion

The results of our analysis support the hypothesis that increases in oxygen saturation will have

positive impacts on Northern Shrimp stock. Empirical analysis shows that a 1-percentage point

increase in oxygen saturation will increase the growth rate of Northern Shrimp by 0.8-percentage

points, which is economically and statistically significant. This is observed through the impact on

Northern Shrimp carrying capacity.

Our simulations further indicate that there are positive welfare effects of increasing oxygen

saturation. If oxygen saturation is 5-percentage points higher than the average in each zone, there
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is a net increase in fish stock above the baseline scenario. As there are years when actual oxygen

saturation is more than 5-percentage points above the zone average, we find that the change in fish

stock is negative in particular years with the overall change being positive. Alternate simulations

were carried out, where oxygen saturation was increased above the actual percentage in each year

(see Appendix C.1). In this case, fish stock was higher than baseline stock every year. The change

in fish stock resulting from changes in environmental conditions has welfare implications, and who

loses and who gains depend on institutions governing fishery management. One of the important

implications of our results is that the welfare changes from an improvement in oxygen saturation

vary significantly across zones. For example, we find the largest change in welfare occurred in

Zone 10, driven by the large increase in consumer surplus. Zone 10 is the most productive fishing

zone in the EGSL, despite having relatively low oxygen saturation over the period of analysis. An

increase in oxygen saturation benefits consumers by reducing the market price, with only a very

small impact on revenues.

Zone 12 presents an interesting case. Recall that Zone 12 had the lowest average oxygen sat-

uration and also experiences intermittent hypoxia. Zone 12 also had significantly lower annual

stock than the other zones. Empirical testing indicated that the stock effect is insignificant. Sim-

ulation indicated that a 5-percentage point increase in oxygen saturation above the average had

the smallest impact on welfare in Zone 12. While the increase in oxygen saturation would almost

double the annual stock, the stock in Zone 12 is sufficiently low, such that there would be very

little changes in prices. Additionally, the increase in stock resulting from the 5-percentage point

increase in oxygen saturation led to only modest increases in the annual quota and harvest. Our

Case 2 simulations showed that the change in the sum of net present value profits between 1991

- 2018 is approximately zero. The overall welfare change would still be positive, implying that

increasing oxygen saturation is beneficial. Additionally, Zone 12 would require a much greater

increase in oxygen saturation if significant welfare increases are to be had.

Our simulation results indicate that there are positive benefits from reduction in hypoxia (in-

creasing oxygen saturation) in the EGSL. However the implementation of policy to achieve this
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depends on the cost of of the policy. Similar studies have been carried out in the Gulf of Mex-

ico where the summer hypoxic zone is one of largest in the world (second to the Baltic Sea dead

zone). The hypoxic zone in the Gulf of Mexico ranges from 5000 square kilometers to 22,000

square kilometers and concerns over the increasing size led to the formation of the Mississippi

River/Gulf of Mexico Watershed Nutrient Task Force in 1997 (Mississippi River/Gulf of Mexico

Watershed Nutrient Task Force, 2020b). The task force is responsible for designing policies for

the reduction of the hypoxic zone from approximately 14,500 square kilometers to 5,000 square

kilometers. Research into policies that would reduce the hypoxic zone to the target suggests that

an approach where the 550 most cost-effective agricultural subwatersheds that deliver nutrients

into the Gulf are targeted for cropland conservation investments would cost approximately US$

2.7 billion annually (Rabotyagov et al., 2014). Given the size size and reduction target, another

suggested method of reducing the hypoxic zone in the Gulf of Mexico is to convert all row crop

land to grassland, which would cost over US$ 388 billion and the goal would be met in two years

(Whittaker et al., 2015). This, however, would likely have implications for commodity prices and

employment given that the area contains much of the US Corn Belt. The hypoxic zone in the EGSL

in 2021 reached 9700 square kilometers and the cost for implementing policies to reduce hypoxia

will depend on whether the policies are targeted or non-targeted and how much of the hypoxic

zone will be targeted (Rabotyagov et al., 2014).

1.8 Conclusion

Valuation of the water quality in the EGSL is important for two main reasons. Firstly, despite

the observed decline in water quality, human-induced nutrient pollution (eutrophication) continues

to be a major threat to the ecosystem. Research has shown that eutrophication has impacted marine

life at all levels and has thus impacted the structure and functioning of ecosystems (Todd et al.,

2010). This study highlights the impact of one of the consequences of pollution on a marine

fishery that has experienced significantly declines in dissolved oxygen in the past and continues to

experience this decline. To our knowledge, this is the first study to examine the impact of oxygen
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saturation on the welfare benefits associated with the Northern Shrimp. Secondly, the decline

commercially important species has resulted in calls for better policies policies to manage land

use change in order to protect valuable species (Mahmood et al., 2016; Meyfroidt et al., 2022;

E. B. Barbier, 2022). The policy options include removing environmentally harmful subsidies in

related sectors and more targeted polices that control the sources of pollution (E. B. Barbier, 2022;

Xia et al., 2020).

The results of the impact of oxygen saturation on shrimp stock growth are consistent with

evidence from the literature that indicates a positive relationship between oxygen saturation and

shrimp stock (Kungvankij et al., 1986; Wei et al., 2009; Rahman et al., 2020). The welfare analysis

also indicates the importance of institutional arrangements (open access, regulated open access,

regulated restricted access) and market conditions when analyzing who gains and who loses from

policy implementation. In our simulations, we examine two different fishery management regimes

that lead to opposing outcomes, the case when short-run profits are dissipated and the case when

they are not. Based on actual cost and earnings data for the Northern Shrimp fishery over 1990

- 2018 (DFO, 2006a), the case in which profits are always dissipated in the short-run is the less

likely scenario. Changes in oxygen saturation will most likely affect both profits and consumer

surplus. However, regardless of the institutional arrangements and fishery management regime,

we found that a reduction in hypoxia (increased oxygen saturation) would prove beneficial, by

increasing economic welfare. Given large enough changes in price in response to increased quota

and harvest, the fall in price is enough to reduce profits significantly in Zones 8 and 9. In our

simulations, fisherman would experience reduced profits while consumers would benefit, with

a positive net effect. Consequently, our case study on the welfare impacts of water quality on

Northern Shrimp has a number of policy implications.

Additional policy actions are needed for reducing the proximate causes of hypoxia in the EGSL.

Eutrophication (i.e., anthropogenic nutrient and organic enrichment of waters) is a major contribut-

ing factor to the increasing hypoxic conditions in coastal waters worldwide, which is exacerbated

by global warming. Controlling the sources of anthropogenic nutrients (e.g. fertilizers, sewage)
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will need to be implemented in the EGSL to reduce hypoxia and its impacts on the Northern

Shrimp fishery. A first policy step would be to examine social and economic changes that have

impacted water quality policies. This would include the role of agricultural markets in increasing

human-induced eutrophication in the St. Lawrence River. To control the human-induced influx

of nitrogen and phosphorus from non-point sources, a nutrient permit and trading program can

be established, similar to the plan implemented by the Miami Conservancy District (Mississippi

River/Gulf of Mexico Watershed Nutrient Task Force, 2020b). This is similar to a tradeable carbon

permit system and may require scientist to set a Total Maximum Daily Load (TMDL). Policy-

based approaches would include increased assistance from Agriculture and Agri-Food Canada to

agricultural producers for implementation of practices that reduce the influx of nutrients to water

bodies. This policy has proven beneficial in the United States, where the restoration of 1.4 mil-

lion acres of wetlands has been attributed to policies providing support to agricultural producers

(Mississippi River/Gulf of Mexico Watershed Nutrient Task Force, 2020b).

Additional policies may be needed to limit any undesirable consequences for the fishing indus-

try from policies to control hypoxia. These negative impacts may be mitigated by implementing

price floors that prevent excessive reductions in profits. In our simulations, price floors equalling

the minimum observed prices were implemented. Higher price floors would be beneficial to the

fishing industry. Alternatively, an adjustment of the quota rule that puts stricter rules on how

harvest changes with increasing fish stock may prevent prices from falling too quickly or too low.

Our empirical estimation and welfare analysis adds to the growing literature on ecosystem

services valuation, but it is not without limitations. Data on stock biomass and abundance did

not allow estimation of possible separate effects on juvenile as opposed to adult abundance. This

would have allowed us to to examine the the impact of saturation at different lifecycle stages. Ad-

ditionally, while we were able to find a significant impact of oxygen saturation on Northern Shrimp

stock in the EGSL, we were unable to test this relationship assuming alternative biological growth

functions. (Tian et al., 1993; Hernandez-Llamas & Ratkowsky, 2004; Parrack, 1978). Another

limitation related to econometric estimation and broadly using the environment as an input tech-
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nique for valuing environmental quality, is the assumption that there are no ecological thresholds.

Our model does not account for the fact that there may be a lower limit of oxygen saturation below

which the fishery would collapse, which would have drastic welfare impacts. While identifying

threshold responses to changes in oxygen saturation would make management easier, (1) our pe-

riod of analysis does not include a point of fishery collapse and (2) the biological literature gives

no clear indication of what this threshold is. As such, this is outside of the scope of this study.

Another important research issue when analyzing the impact of hypoxia on fisheries is account-

ing for spatial effects, especially for species that inhabit the bottom layer of the water column.

Hypoxia has been found to affect shrimp fleet behaviour through the effect on the spatial distri-

bution of the species, causing migration from deoxygenated areas (Zimmerman & Nance, 2001;

Craig & Crowder, 2005; Craig & Bosman, 2013; Smith et al., 2014). In the event of migration,

the relationship between hypoxia and fish stock in a particular site is determined by the species

behavioural response to variation in water quality and density across sites (Craig & Bosman, 2013;

Massey et al., 2006; Domenici et al., 2007). As an additional extension to our analysis, it could

be important to include a variable representing migration across sites since migration affects stock

abundance at a particular site. This creates additional difficulty when analyzing stock effects at

a single site, as stock changes may be due to relative hypoxic conditions. Our analysis entailed

examining fish stocks from adjacent fishing sites and captures effects of relative hypoxia. In the

long run, hypoxia only affects stock abundance, as the positive habitat change through migration

is balanced out by the negative change caused by overcrowding (Massey et al., 2006). As such,

it may not be as important to account for migration in long run analysis. This, however, may be

explored in further research.

Other limitations are related to policy simulations. In our policy simulation, we assumed a

5-percentage point increase in oxygen saturation because it would take the critical Zone 12 above

the hypoxic threshold, and this was the simulated increase across all zones. However, water loses

oxygen as it flows between zones, so higher a larger increase would be needed in zones in the

upper portions of the river in order to achieve a 5-percentage point increase in Zone 12, which
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is in the Lower St. Lawrence Estuary (Gilbert et al., 2005). It may be more intuitive to model

the pathway though which a policy intervention would lead to an increase in dissolved oxygen

across the different zones. This would require data on the source of pollution in the EGSL and the

biological and hydrological mechanisms through which pollution leads to hypoxia. This is an area

for future research.

The results from policy simulations are sensitive to assumptions made about how prices change

in response to changes in Northern Shrimp harvest in the EGSL. Our assumption that the EGSL

Northern Shrimp industry has market power and the demand for Northern Shrimp products is

inelastic resulted in changes in consumer surplus regardless of whether or not restrictions on fishing

effort prevented profit dissipation and reductions in profit when dissipation was avoided. However,

the ex-vessel price of Northern Shrimp from the EGSL is not only dependent on the supply of

Northern Shrimp in the EGSL and the rest of the world, but also on the supply of all other shrimp

species across the world. As such, fishers in the EGSL have very little control over Northern

Shrimp prices and the industry may be closer to a price-taking. Under this scenario, changes

in harvest in the EGSL would only impact industry profits (see Appendix C.1). With the same

increase in oxygen saturation, the EGSL Northern Shrimp fishing zones would experience changes

in profits ranging from -6% to 16%. The results presented in this analysis can, there, be viewed as

a range of welfare impacts depending on the correct market characteristics, ranging from perfectly

competitive to monopolistic competition.

Finally, another area of further research would be to analyze different quota schemes and the

impact of changing the quota rule on the changes in prices and profits. This is important for policy

implementation. As more scientific research emerges on the sources of nitrogen and phosphorus

and relationship between nutrient pollution and oxygen concentration in the EGSL, policy recom-

mendations can be more targeted to achieve the desired increases in oxygen concentration that will

be welfare improving. While the results presented do not address the implications for resource

rents, they add to the literature showing that under restricted regulated access, improvements in

water quality can improve both stock status and economic welfare, at least in the short run.
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Chapter 2

Quantifying the Impact of Nutrient Pollution in a

Freshwater Fishery: The case of Yellow Perch in the

St. Lawrence River, Québec
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2.1 Introduction

Human activities have increased the flow of nitrogen and phosphorous over the earth and this

has many bioeconomic consequences. With increased agricultural production and human and ani-

mal waste, we find that the water quality in many of the world’s freshwater ecosystems, like lakes

and rivers, are being degraded due to nutrient pollution, often resulting in eutrophication. Phos-

phorus and nitrogen are two of the most important nutrients needed for plant life but when loads

in the water become too high, they throw off the balance of the food web, from plankton to fish,

and the geochemical cycles in which these two elements participate. When these natural fertil-

izers are in excess, they can cause an overgrowth of organic matter, heavy algal blooms that can

be toxic, dissolved oxygen depletion (hypoxia and anoxia) that can be lethal to fish and inverte-

brates, loss of marine habitat, changes in species distribution, and ultimate, loss of biodiversity

(Abdel-Tawwab et al., 2019; Breitburg, 2002; Gannon et al., 2009; Heisler et al., 2008; Howarth

et al., 2000; Council, n.d.; Nguyen et al., 2016; Small et al., 2014; Svendsen et al., 2018). The

bioeconomic effects of eutrophication are poorly understood despite extensive research on many

ecosystems. Eutrophication disrupts ecology through direct (e.g. on fish) and indirect (e.g. on

habitat) pathways and some coastal ecosystems are more susceptible to eutrophication than other

(Howarth et al., 2000). Although the biological impact of eutrophication has been widely docu-

mented (Desprez et al., 1992; Jacobson et al., 2017; Sandström & Karås, 2002; Giacomazzo et al.,

2020), the economic impact of nutrient pollution has been primarily focused on the more visible

consequences of eutrophication, such as harmful algal blooms (Jin et al., 2008; Kahn, 1988; Dodds

et al., 2009; Sampat et al., 2021) or hypoxia and dead zones (Craig & Crowder, 2005; Smith, 2007;

Smith et al., 2014; Massey et al., 2006; Purcell et al., 2017; Smith & Crowder, 2011; Huang et

al., 2010; Huang & Smith, 2011; Huang et al., 2012) rather than the underlying cause (nutrient

loadings) (Smith, 2007; Smith & Crowder, 2011; Simonit & Perrings, 2005; Knowler et al., 2001;

Knowler & Barbier, 2005; Nguyen et al., 2016). In the limited analysis of the impact of nutrient

loading on fisheries, we see that nutrient pollution while nutrient has led to changes in the food

availability and even the overgrowth of predators in fisheries (Knowler et al., 2001; Knowler &
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Barbier, 2005; Simonit & Perrings, 2005; Nguyen et al., 2016). Additionally, very little research

has been done on the impact of nutrient pollution on freshwater fisheries (Simonit & Perrings,

2005) This represents a gap in the economic literature as a fishery can be impacted by nutrient

pollution without a dramatic manifestation of its consequences. That is, nutrient pollution can still

have a significant impact on a fishery even though there is no algal overgrowth or hypoxia (Mailhot

et al., 2015; Giacomazzo et al., 2020). Even less analyzed is the impact of nutrient pollution on

fish habitat. Recent biological literature has highlighted the impact of nutrient pollution on sub-

merged aquatic vegetation, a key indicator of fish habitat quality (Giacomazzo et al., 2020; Hudon

et al., 2012). However, the exact nature of this relationship between submerged aquatic vegetation

and the key contributors to nutrient pollution differs among freshwater systems. Given that nutri-

ent pollution can have a direct impact on fish and an indirect impact through the impact on their

habitat, the consequence of nutrient abatement is uncertain, thereby opening a direct and indirect

pathway to analyse the impact of eutrophication on fisheries. (Giacomazzo et al., 2020; Knowler

& Barbier, 2005). This relationship between water quality and fish production, which is already

complex at its core because of the influence of several factors over the lifecycle of a fish, can be

further complicated by the institutions surrounding the fishery.

Fisheries are managed with a broad range of institutional structures and these impact both the

biological sustainability and economic profitability of a particular fishery even with good habitat

quality (Hilborn et al., 2005). Unregulated or open access fishery are characterized by the ‘tragedy

of the commons’, where individuals maximize their own welfare leads to the overexploitation,

given no restriction on effort (Hardin, 2019; Hilborn et al., 2005). This fishing pressure continues

until there are no more profits to be obtained from the fishery as well as biologically unsustainable

stock. In recognition of this, management measure such as gear restrictions and seasonal closure

(Crutchfield, 1961; Hilborn et al., 2005) In such a regulated open-access fishery, the effects of

the economic parameters (profits and effort) can be decoupled from the effects on biomass and

as a result, long run biomass is usually higher than under open-access (Homans & Wilen, 1997).

Other management measures include restrictions on entry (e.g. licences, ITQs) (Crutchfield, 1961;
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Hilborn et al., 2005). Such limited access fisheries provide an even better outcome, where the

fishery can be economically successful and at the same time, biomass can be maintained at the

healthy level (Reimer & Wilen, 2013; Deacon et al., 2011). As such, the property rights surround-

ing a fishery will play an important role in determining how changes in nutrient loads impact the

stock status in fishery and how the costs of nutrient pollution are distributed (Knowler & Barbier,

2005). With changes in habitat quality, the level of stock and the amount of effort required to

maintain a biologically sustainable and economically profitable fishery will vary. As such, we can

use the variations in stock and profitability to quantify the impact of eutrophication under different

institutional structure.

This paper addresses the impacts of nutrient pollution on fish stock and commercial catch and

the resulting welfare impacts in a restricted access freshwater fishery. Our interest is therefore,

to identify the pathways through which variations in nitrogen and phosphorous concentrations,

and their ratio, impact fish stock and to evaluate the impact on fishery rents in a restricted access

freshwater fishery. This is important because nutrient pollution degrades water quality and key

ecosystem services. Policymakers need to understand how changes in policy to address nutrient

pollution can impact economic outcomes, and how these outcomes can further impact fishery re-

sources, when designing policy tools. We hypothesize that the impact of nutrients on fish stock

depends on the balance of nitrogen and phosphorous loads rather than the absolute loads.

The Lac Saint-Pierre Yellow Perch fishery receives nutrients enriched waters from several trib-

utaries of the St. Lawrence River. In the Quebec region of the St. Lawrence River, the water

quality guideline for protection of aquatic life is 0.03 mg/L of phosphorus and 0.63 mg/L of ni-

trogen. However, between 2015 and 2017, “phosphorus and nitrogen levels at the majority of

water quality monitoring stations along the St. Lawrence River were above water quality guide-

lines more than 50% of the time" (Environment and Climate Change Canada, 2018). Water quality

interventions implemented in 1972 have led to a reduction in phosphorus concentrations but nitro-

gen concentrations have continued to increase. This degradation in water quality has been linked

to the poor stock status of freshwater fish species, namely the Yellow Perch (Giacomazzo et al.,
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2020; Hudon et al., 2012), through two pathways. The first pathway is a direct pathway by which

excess nitrogen and phosphorus negatively impacts Yellow Perch at different life cycle stages and

thereby abundance. The second pathway is an indirect pathway by which the nutrient imbalance

caused by the reduction in phosphorus, and exacerbated by increase in nitrogen, has negatively

impacted Yellow Perch habitat (by reducing submerged aquatic vegetation), such that a restoration

of the nitrogen-phosphorus ratio (henceforth, N:P ratio) would prove beneficial to the fishery. A

unique contribution of our study is the explicit inclusion of this indirect pathway, to better under-

stand the effects of nutrient abatement decisions on ecosystems. Furthermore, the Lac Saint-Pierre

Yellow Perch fishery is regulated by the Government of Québec, which implies different long run

characteristics than under open access, so the model can also simulate specific welfare impacts of

abatement policies and thus, guide fisheries decisions.

This paper contributes to the literature on the economic impacts of nutrient pollution on fish-

eries and in particular, freshwater fisheries. The aim is to contribute to filling the gap in research

done in freshwater fisheries given that nutrient pollution impacts freshwater fisheries differently

from coastal or marine fisheries. Additionally, by explicitly modelling nutrient loads as determi-

nants of fish stock, we add to the literature that focuses on the underlying cause of variation in fish

stock rather than their consequences. We develop a bioeconomic model that links fish production

to the major nutrients used as indicators of water quality. First, we model fish abundance and

survival as direct and indirect functions of water quality. Next, we model fish harvest as a being

impacted by fish abundance and water quality, Finally, we quantify the effect of changes commer-

cial harvest on welfare, based on the existing regulations surrounding the fishery, by examining

commercial fishery profits.

The model is then applied to Lac Saint-Pierre through numerical simulations that recreate the

paths of Yellow Perch stock and harvest under current nutrient loads. The results of of numer-

ical analysis indicated that the N:P ratio may be more important for determining Yellow Perch

stock than either nitrogen or phosphorus concentrations independently. Stock and harvest are fur-

ther simulated under different policy scenarios where the N:P ratio is varied. Despite success in

44



reducing nutrient pollution in Lac Saint-Pierre, policies implemented to reduce phosphorus con-

centrations have led to an imbalance in the N:P ratio that has negatively impacted fish stock and

industry profits. We find that any further reductions in phosphorous concentration relative to nitro-

gen concentration negatively impacts fish stock and subsequent harvest and profits, while reducing

nitrogen concentration is beneficial for increasing industry profits. On the other hand, if the sim-

ulations were taken to the extreme where phosphorus is increased, the results would indicate a

phosphorus deficiency, which would not reflect the reality of Lac Saint-Pierre and instead corre-

sponds to a strong imbalance in the N:P ratio. Simulations suggest that a 5% reduction in the N:P

ratio would have still resulted in fishery closure after the 2011 season, however, there would be an

increase in profits of CAN$16,566 from 2005 - 2011. With higher reductions in the N:P ratio, the

fishery would have likely be kept open after 2011. Simulations suggest that a 20% fall in the N:P

ratio would have led to a CAN$4 million increase in profits from 2005 - 2014. These reductions

in the N:P ratio would involve implementing policies measures, comparable to those implemented

for phosphorus reduction, to significantly reduce nitrogen loads. While this relationship is not

proven to be causal (given data constraints), it reflects the complex ecological interactions between

nutrients and the habitat composition, which is the second pathway that we emphasize.

The rest of this paper is organized as follows. Section II will briefly review literature on the

economic impact of eutrophication on fisheries. Section III gives background to Lac Saint-Pierre,

the case study area. Subsequently, we develop a regulated open-access bioeconomic model that

exploits the direct and indirect pathways through which nutrient pollution has been found to impact

the Lac Saint-Pierre Yellow Perch fishery. In section V, we parameterize the model using data from

Lac Saint-Pierre and changes profits from nutrient reduction is calculated under different scenarios.

In section VI, we discuss the findings from our policy simulations and the policy implications and

conclude in section VII.
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2.2 Literature Review

Eutrophication represents a change in the trophic state of water caused by excessive nutrient

inputs, driven by land use trends, where large-scale commercial crop cultivation increases the use

of external inputs such as fertilizers (Islam & Tanaka, 2004; Council, n.d.). Several studies have

highlighted the relationship between nutrient loading, its consequences and fish stocks. One of the

most research consequences of nutrient pollution is hypoxia. Hypoxia has become a major concern

in fisheries given the persistent decline in oxygen in the Gulf of Mexico. Huang et al. (2010)

quantified this effect on Brown shrimp in North Carolina fishery Brown Shrimp using data at the

fisherman level (microdata). This unique approach allowed the authors to control for correlated

factors and for spatial and temporal aspects of the ecosystem. The three step approach included

linking the stock of brown shrimp and commercial harvest to environmental factors using the Von

Bertalanffy Growth function. This allowed the authors to evaluate the impact of environmental

factors on the growth of individual shrimp within the fishery. The authors provided conclusive

evidence of the impact of of hypoxia on a shrimp fishery where previous literature had found that

hypoxia had no severe economic impacts of hypoxia. The authors, however, focused on one of the

consequences of nutrient pollution instead of actual nutrient loadings or concentration, which is

the focus of this paper.

Knowler et al. (2001) studied the effects of phosphorus loading on an anchovy fishery in the

Black Sea and Knowler & Barbier (2005) developed a dynamic, stochastic bioeconomic model to

study the impact of nutrient loading on the same fishery under the probability of predator invasion.

This model explicitly included nutrient pollution as a factor impacting recruitment. This model was

additional novel due to the two assumed states of the world - one with no predator invasion and

one with predator invasion - which would occur with different probabilities. The analysis included

a numerical simulation of anchovy stock, catch, effort and profits under different nutrient pollution

scenarios. This model explicitly linked changes in nutrient pollution and changes in anchovy stock

and the impact on the profits from the fishery. Smith (2007) and Smith & Crowder (2011) carried

out similar studies when valuing the ecosystem services provided in the Neuse River Estuary,
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a North Carolina blue crab fishery. The authors developed a bioeconomic model to investigate

the impact of hypoxia on fishery rents. The relationship between nutrient pollution and hypoxia

was explicitly modeled through the effects of nitrogen loading on algae growth, which resulted in

hypoxia, and it was found that the present discounted value of fisheries rent would increase by US$

2.56 million with a 30% reduction in nitrogen loading. Nguyen et al. (2016) implemented a more

general approach that involved constructing a damage function for eutrophication that includes

both the polluting sector and the fishery sector that are linked to each other by nutrient loading

from the agriculture sector. The damage function was empirically applied to an East Baltic cod

fishery in the Baltic Sea. Thanh (2013) carried out a similar bioeconomic study examining the

impact of nitrogen loading on the East Baltic cod by maximizing the net present value (NPV) of

the net benefits from the fishery. Compared to the above studies, our study aims to analyze the

impact of nutrient pollution in a freshwater fishery.

Simonit & Perrings (2005) examined the impact of nutrient loading from fertilizer runoff from

agricultural land on stock and harvest in a freshwater fishery in Lake Victoria. The fishery model

uses Chlorophyll a11 concentration as a proxy for phytoplankton density, which directly responds

to nutrient loading. The paper also explicitly models the interaction between fertilizer runoff and

Chl a concentration. To our knowledge, this is the only published paper that has examined the

interaction between nutrient loading and fish stock in a freshwater fishery. The study found that

the model with the environmental variable, linking fish stock and harvest to increased nutrient

loading, better approximated the observed path of fish harvest than the standard catch-recruitment

model. The model proposed in this paper also examines nutrient pollution in a freshwater fishery

but takes a more direct approach, like Nguyen et al. (2016)

Emerging biological studies have highlighted the importance of examining the impact of nutri-

ent pollution on submerged aquatic vegetation, which plays an important role in biogeochemical

recycling in freshwater ecosystems. Submerged aquatic vegetation generally includes rooted vas-

11Chlorophyll used in oxygenic photosynthesis light harvesting as well as in converting energy of absorbed photons
to chemical energy. One way we estimate the number of phytoplankton in the ocean is by measuring the amount of
chlorophyll a in the water (Björn et al., 2009).
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cular plants that grow up to the water surface (EPA, 2006) and support critical ecological services

including shelter, habitat, and a food source for many organisms. As such, submerged aquatic

vegetation abundance, which is an important component of aquatic systems, is a key indicator of

water quality. Kahn & Kemp (1985) used a catch-recruitment model to estimate the relationship

between submerged aquatic vegetation and fish stock and harvest. Submerged aquatic vegeta-

tion was modelled as impacting the carrying capacity of the fishing environment. A reduction in

submerged aquatic vegetation was found to reduce not only the environmental carrying capacity

but also the sustainable yield associated with each level of fish stock. Reduction in submerged

aquatic vegetation abundance has been attributed to increased concentrations of suspended solids,

herbicides, and plant nutrients (Kahn & Kemp, 1985). In particular, the abundance of submerged

aquatic vegetation is associated with low levels of nutrients - good water quality (Y. Zhang et al.,

2016). Eutrophication can shift the submerged aquatic vegetation abundance to the over produc-

tion of phytoplankton and other harmful algae. The dome-shaped relationship between submerged

aquatic vegetation abundance and nutrient concentration has been documented in many studies.

Submerged aquatic vegetation abundance increases as water bodies move from nutrient-depleted

to moderately enriched but decreases as nutrient concentrations further increase (eutrophication),

while algal growth rates increase (O’Hare et al., 2018; Kahn & Kemp, 1985). Although there is

clearly a relationship between nutrients and submerged aquatic vegetation, and the resulting impact

on fish stock has not been empirically tested. The model presented in section IV can be used to

empirically test both the direct and indirect relationship between nutrient pollution and fish stock

and harvest.

2.3 Background to the Fishery

2.3.1 Study Area: St. Lawrence River

The Great Lakes-St. Lawrence River Basin is in the eastern region of North America and is the

second-largest river network in North America in annual discharge, holding approximately 18% of

the world’s freshwater. It is a natural migration route of approximately 1,500 km that connects the
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Figure 2.1: Great Lakes–St. Lawrence River basin and detail on the course of the St. Lawrence River.
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Great Lakes to the Atlantic Ocean, which is also among the world’s most important commercial

waterways. The St. Lawrence River is generally divided into three main sections: a typically

fluvial section, part of which will be the focus of this paper, extending from the outlet of the Great

Lakes to Trois-Rivières followed by an estuarine section composed of a long freshwater estuary

progressively influenced by the tide, which reaches a tidal range of almost 6 m nearby Quebec City,

and brackish water (salinity 0. 2-25 ppm), and further out a marine section that joins the Gulf of

St. Lawrence (salinity >25 ppm; see Figure 2.1 ). With its complex topography, the river portion

Figure 2.2: The study area is in Lake Saint-Pierre, the largest fluvial lake in the St. Lawrence River, where
water quality is strongly influenced by the flow of several tributaries. These tributaries generate contrasting
water masses, flowing side by side for tens of kilometers.

presents a mosaic of varied aquatic habitats in which three large fluvial lakes with slow current

(Lakes Saint-François, Saint-Louis and Saint-Pierre; Figure 2.2), follow one another, separated by

narrow sectors with fast current and dotted with numerous islands and a few archipelagos. The

water system includes numerous tributaries, which supply the St. Lawrence River with water of

highly variable quality. In the river portion, these water bodies mix very little due to the absence
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of tides and flow side by side for hundreds of kilometers. Water from the Great Lakes is clear, low

in nutrients and flows into the deep central portion of the St. Lawrence River, where a navigation

channel has been excavated. In contrast, water from other tributaries, which is brown in color,

nutrient-laden, and sediment-laden, flows in the shallower portions between the center and the

banks of the St. Lawrence River (e.g. (Frenette et al., 2006; Hudon & Carignan, 2008)). These

impact the most productive aquatic habitats in the system. Lac Saint-Pierre (see Figure 2.2), which

is the most downstream of the river portion, is among the most nutrient-rich receiving environments

and is increasingly eutrophied. This creates an interesting study area for analyzing the impact of

nutrient pollution on species and will be the focus of our analysis.

2.3.2 Water quality degradation

In recent decades, temperature, turbidity and nutrient concentrations have shown a marked in-

crease in Quebec’s waterways including the St. Lawrence River (Hudon et al., 2018). To reduce

water pollution, the Quebec government adopted a law on environmental quality (1972), which was

followed by interventions to reduce nutrient concentrations in aquatic ecosystems (Giacomazzo et

al., 2020; Mailhot et al., 2015). These policies have been successful for phosphorus since between

1970 and 2016, a 2-fold decrease in their concentration in the waters of the St. Lawrence River

was observed. However, during the same period, the concentration of nitrogen increased, which

further unbalanced the N:P ratio (see Figure 2.3). At the same time in Lac Saint-Pierre, a signifi-

cant increase in turbidity was observed, accompanied by a marked decrease in submerged aquatic

vegetation (see Figure 2.4). The original submerged aquatic vegetation was replaced by a prolif-

eration of cyanobacteria (harmful algae to the fishery) and some hypoxia episodes were evidenced

in these St. Lawrence River receiving waters (Pick, 2016; Vis et al., 2008).

A few studies conducted in Lac Saint-Pierre have attempted to understand the complex mech-

anisms explaining the decline of submerged aquatic vegetation and the links with fish production

(Giacomazzo et al., 2020). In their study of an excessively nutrient-laden Lac Saint-Pierre tribu-

tary, Huang et al. (2012) describes that high nutrient loads at the mouth of the tributary coupled
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(a) Nitrogen concentration

(b) Phosphorus concentration

(c) N:P ratio

Figure 2.3: Nutrient concentrations in Lac Saint-Pierre 1987 - 2014
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Figure 2.4: Changes in the abundance of submerged aquatic vegetation (SAV) in Lake St. Pierre over the
period 2002 to 2021 (adapted from Magnan et al. (2022)).
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with low water levels led to reduced submerged aquatic vegetation abundance in Lac Saint-Pierre.

The passage of nutrient-rich water through the dense submerged aquatic vegetation beds, which

acted as a purification system, led to a drastic reduction in nitrogen and phosphorus concentrations

downstream of the lake, eliminating submerged aquatic vegetation and promoting the proliferation

of cyanobacteria capable of fixing nitrogen and thus better adapted to these new oligo-mesotrophic

12 conditions (Huang et al., 2012). According to Hudon et al. (2012), localize submerged aquatic

vegetation in the plume of this tributary (Saint-François River, Figure 2.1) has declined due to

increasing nitrogen concentrations, which, in contrast to phosphorus, has not decreased. In addi-

tion, Giacomazzo et al. (2020) identified a strong positive relationship between phosphorus and

submerged aquatic vegetation in Lac Saint-Pierre, as well as a negative impact of total suspended

solids, indicating that low phosphorus concentrations may be the cause of the low submerged

aquatic vegetation abundance. This is supported by the observed trends in nutrients illustrated in

figures 2.5a and 2.5b. Dennison et al. (1993) found that the decline in submerged aquatic vegeta-

tion abundance was related to increasing amounts of nutrients and sediments in Chesapeake Bay,

which is the more typical case. This implies that the impact on nutrients on submerged aquatic

vegetation abundance is not quite clear cut, and may depend on the particular nutrients being con-

sidered and their relative concentrations. Therefore, when focusing on nutrient removal to return

aquatic systems to ‘clean’ states, it is also important to examine the balance in the N:P ratio. Stock-

ner et al. (2000) suggests that with the decline in phosphorus content of fertilizers, nutrients may

need to be reintroduced to some aquatic ecosystems so as to return to a balanced N:P ratio and

restore sufficient fisheries production levels. This highlights the role of maintaining a nutrient bal-

ance rather than absolute nutrient concentrations for the maintenance of productive fisheries, given

that ‘clean’ water does not imply maximum productivity. Hudon et al. (2012) and Vis et al. (2008)

attributed the increase in cyanobacteria in Lac Saint-Pierre to the N:P imbalance rather than ab-

solute concentrations of the nutrients (trends between N:P ratio and submerged aquatic vegetation

12We will classify oligotrophic as phosphorus concentration < 0.01mg/L and nitrogen concentration < 0.3mg/L,
mesotrophic as phosphorus concentration 0.01 - 0.02 mg/L and nitrogen 0.3 - 0.5 mg/L and eutrophic as phosphorus
concentration > 0.02mg/L and nitrogen concentration 0.5 - 1.5mg/L.
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shown in figure 2.5c). This imbalance in the N:P ratio can indicate either a nitrogen or phospho-

rous limitation. However, the absolute concentration of phosphorus does not indicate a phosphorus

limitation (Hudon & Carignan, 2008), and as such, the N:P imbalance is clearly due to excess ni-

trogen. In addition to the impact on submerged aquatic vegetation, nutrient pollution also has been

found to have a direct negative impact on aquatic production in Lac Saint-Pierre and ultimately fish

growth and stock abundance Giacomazzo et al. (2020); Hudon et al. (2012). Changes in nutrient

concentration and imbalance in the N:P ratio have therefore had a significant impact directly on

aquatic species and indirectly by altering their habitats. While other factors such as as turbidity

and temperature may ultimately impact submerged aquatic vegetation abundance and fish growth

(Giacomazzo et al., 2020), the focus of this paper is the impact of nutrient concentrations.

2.3.3 Yellow Perch Fishery

The Yellow Perch (Perca flavescens) is medium-sized species, common in the freshwater of

the St. Lawrence River, widely known for its recreational and commercial values. It is a species

considered adaptive, resilient and fertile , which was or still is dominant in the fish community of

the St. Lawrence River depending on the sectors. Indeed, tagging, life history traits and genetic

studies indicate that there are several independent populations in the St. Lawrence system (Mailhot

et al., 2015). These local populations, which are exposed to different environmental conditions,

have remained healthy in the upstream portion of the St. Lawrence system (Lac Saint-François and

Lac Saint-Louis), while they have declined in the downstream portion (Lac Saint-Pierre and in the

portion just downstream), making this an interesting situation to study from a scientific perspective.

Once dominant in Lac Saint-Pierre, Yellow Perch showed signs of a marked decline in the

1990s. In less than 15 years, Yellow Perch has become a marginal species in Lac Saint-Pierre,

resulting in the closure of commercial and recreational fisheries since 2012 (Mailhot et al., 2015;

Magnan et al., 2022). The moratorium has been extended to 2027 and the stock status is assessed

every 5 years using abundance of 1- and 2-years old Yellow Perch and healthy habitat ( e.g. water

quality and submerged aquatic vegetation). While Yellow Perch stocks have remained healthy
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(a) Submerged aquatic vegetation and Nitrogen

(b) Submerged aquatic vegetation and phosphorus

(c) Submerged aquatic vegetation and N:P ratio

Figure 2.5: Relationship between submerged aquatic vegetation and nutrients
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in the two upstream riverine lakes, Yellow Perch abundance in Lac Saint-Pierre declined by 70-

86% between 1972 and 2011. Recreational fishing is allowed in the three largest riverine lakes

in the St. Lawrence River, however, Lac Saint-Pierre (by the mid 1960’s) was the only one that

allowed a commercial Yellow Perch fishery. This fishery in Lake St. Pierre is a restricted access

fishery, managed by the Quebec government, which monitors annual landings (commercial and

recreational) as well as a 5-year monitoring of population dynamics (e.g. mortality, age structure,

number of mature females). These indicators showed that the Yellow Perch stock was at risk

and was subject to excessive fishing pressure. From 1997 - 2002, management policies regarding

commercial fishing were implemented to reduce harvest and included minimum catch sizes and late

season openings (Mailhot et al., 2015). In 2002, the first permit buybacks began and the number of

permits was gradually reduced from 42 to 6 in 2008. Despite the reduction in fishing effort between

2002 and 2005, the Lake St. Pierre Yellow Perch stock continued to decline. In 2005, catch limits

were introduced as an addition to bag limits and permit buybacks, but it became clear that factors

other than fishing pressure were contributing to the stock decline. In 2012, a moratorium was put

in place on recreational and commercial fisheries for a period of 5 years, which has been active

since and was extended in 2022 for a third 5-year period.

It took several factors together to weaken the Lac Saint-Pierre ecosystem and especially Yellow

Perch stock, recruitment, and key habitats. Studies following the moratorium cite overfishing, loss

of spawning habitat through agricultural practices directly in the floodplain, water quality degra-

dation in juvenile and adult rearing habitats, discharge regulation that cut off some of the spring

spawning potential, predation by double-crest cormorant (de La Chenelière et al., 2014; Mailhot et

al., 2015; Foubert et al., 2020). These studies also suggested that the introduction of exotic species

and adverse climatic conditions should be considered as potential threats to the Yellow Perch stock.

So, despite significant efforts that have eliminated fishing pressure, the Yellow Perch population

is not recovering due to other factors such as nutrient pollution that further limit its recovery by

directly affecting fish growth and survival and indirectly affecting their habitats. Figure 2.3 shows

the trends in phosphorus and nitrogen loads from 1987 - 2011 in Lac Saint-Pierre. We see an in-
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creasing trend for nitrogen concentration in Lac Saint-Pierre while phosphorus concentration has

been steadily declining and is close to the concentration that is cited as the most suitable to sustain

aquatic life (Environment and Climate Change Canada, 2018). In a study by Giacomazzo et al.

(2020) in Lac Saint-Pierre, Yellow Perch growth was found to be negatively associated increases

in phosphorus and suspended solids. While no direct relationship was identified between nitrogen

loads and Yellow Perch growth, Giacomazzo et al. (2020), however, found a positive relationship

between the N:P ratio and Yellow Perch growth in Lac Saint-Pierre. This is despite phosphorus

being a critical nutrient for growth in freshwater systems. Given the negative relationship between

growth and phosphorus concentrations, this indicates that higher N:P ratio may be beneficial for

Yellow Perch growth (Kolka et al., 2019; Giacomazzo et al., 2020), corroborating claims that it

is the optimal balance between the macrominerals that is important for promoting optimal fish

growth Storebakken et al. (2000). However, as mentioned before, submerged aquatic vegetation

abundance in Lac Saint-Pierre is negatively associated with N:P ratio, and as such, the impact of

increasing nitrogen relative to phosphorus loads would negatively impact habitat quality (through

reducing submerged aquatic vegetation abundance) (Giacomazzo et al., 2020). This would then

have a negative indirect impact on Yellow Perch stock, given the positive relationship between

stock and habitat quality (Giacomazzo et al., 2020). As such, changes in the nitrogen and phos-

phorous loads may have an indeterminate effect on Yellow Perch stock, given the opposing impacts

of a change in N:P ratio on Yellow Perch growth and habitat quality.

While Lac Saint-Pierre is the only of the three largest fluvial lakes in the St. Lawrence River

that allows commercial fishing, the other fluvial lakes also experienced declining Yellow Perch

stock over the same period. Factors including overfishing and pollution were cited for the loss

of stock in Lac-Saint Louis. However, according to Mailhot et al. (2015), management measures

that were put into place in Lac Saint-Louis to reduce chemical contaminant led to the recovery

of the species in that lake. These management measures implemented under the 1970s Québec

law on environmental quality resulted in the reduction of chemical contaminant by 50% to 90%

since the 1980s. The hypothesis that the recovery of the species in the lake was due to reductions
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in fishing pressures was tested but this hypothesis was rejected (Mailhot et al., 2015) and it was

concluded that the reduction in nutrient pollution positively impacted Yellow Perch stock in Lac

Saint Louis. The trend in nutrients in Lac Saint-Pierre is similar to what was observed in Lac-Saint

Louis, creating a likely scenario that nutrient pollution also caused the decline in Yellow Perch

stock in Lac-Saint Pierre.

Given that nutrient pollution may have played a large role in the decline of the fish stock, this

warrants quantifying the impact of nutrient pollution by estimating the loss in profits that was

driven by nutrient pollution. In the following sections we will analyze the link between water

quality, submerged aquatic vegetation and Yellow Perch stock to quantify the impact of nutrient

pollution on Lac Saint-Pierre Yellow Perch fishery. The water quality variables identified as key

stressors in LSP are phosphorus concentration, nitrogen concentration, turbidity (TSS) and water

level (Giacomazzo et al., 2020). We hypothesize that the nitrogen phosphorus balance significantly

impacts Yellow Perch by directly affecting growth and indirectly through the impact on submerged

aquatic vegetation abundance. We expect increases in phosphorus concentration to negatively

affect fish growth and positively affect submerged aquatic vegetation abundance in Lac St. Pierre,

with the overall impact being determined by the relative concentration of phosphorous with respect

to nitrogen (N:P ratio).

2.4 Bioeconomic Model

The aim of this paper is to quantify the effects of water quality on the Yellow Perch fishery,

by examining changes in welfare arising from changes in nutrient concentrations. To do this, we

assume that nutrient concentration impacts Yellow Perch directly altering fish growth and rate of

survival and indirectly by altering fish habitat through changes in submerged aquatic vegetation.

We also assume that the fishery operates under restricted access, which determines the economic

impact of changes in nutrient pollution. Under these assumptions, we first develop a dynamic

biological model that links the stock of Yellow Perch to water quality. The water quality variables

59



of interest are nitrogen concentration (N), phosphorus concentration (P) and their ratio (N:P). We

will add turbidity and water level and average annual temperature additional control variables.

We develop a model where the stock and recruitment in each period t are directly impacted

by water quality, V . Adult stock, juvenile abundance and harvest in period t -1 determine stock

in period t. Water quality in period t -1, Vt−1, also impacts stock in period t directly and, indi-

rectly through the impact on submerged aquatic vegetation S. In period t, the available stock and

the allowable fishing effort determines the level of harvest and subsequent profits from the fish-

ery. These key relationships are indicated in Figure 2.6 and are further described in the following

bioeconomic model of water quality, stock, harvest and profits for Yellow Perch.

Figure 2.6: Conceptual model showing interaction between water quality, V, Yellow Perch stock and har-
vest.

We will begin by outlining production in the fishery using a stock-recruitment model, where

regeneration of the fish population is dependent on previous fish stock and mortality. The stock-

recruitment relationship associates stock size in each year with recruitment which results from the

stock spawning two years prior. Let fish stock in the current year be recursively determined by the
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following equation:

Xt = (1− ηt−1)Xt−1 +Rt−1 −Ht−1 + F (Vt−1, S(Vt−1)) (2.1)

where Xt is Yellow Perch stock measured in kg of biomass; ηt−1 is natural mortality and (1−ηt−1)

represents the probability of survival in the absence of fishing. Xt−1 net of harvest, Ht−1, is a

measure of escapement, representing adult stock that survived fishing mortality. Rt−1 is juve-

nile recruitment to the stock in period t. Based on the evidence presented in Section 2.3, water

quality, is assumed to affect current stock directly and indirectly through impacting submerged

aquatic vegetation (S). These water quality effects on stock are reflected in the model through

F (Vt−1, S(Vt−1)). The direct effect is captured through assuming dF
dV

> 0, implying that improve-

ments in water quality improves fish stock, and the indirect effect through dF
dS

dS
dV

> 0, which implies

that water quality improvements increase submerged aquatic vegetation, which in turn positively

impacts fish stock.

Follow Figure 2.6, juvenile recruitment is determined in period t -3. A separate equation will

be used to describe the evolution of juvenile Yellow Perch as a function of adult abundance three(3)

periods prior, and independent of current fish stock. Most widely used recruitment models include

the Beverton-Holt Model (R. J. H. Beverton, 1954; R. Beverton & Holt, 2012) and Ricker Model

(Ricker, 1954), which model recruitment as dependent on the density of the spawning stock (Sub-

bey et al., 2014). These models assume either an asymptotic or dome-shaped relationship between

recruitment and spawning stock. With no evidence from the biological literature on a density de-

pendent relationship between Yellow Perch recruitment and spawning stock, we will use a simple

density independent model to describe juvenile recruitment (Quinn & Deriso, 1999; Spigarelli et

al., 1981). For the purposes of our model, we will assume that juvenile Yellow Perch join the adult

fishable stock in period t . The number of recruits that joins fish stock year t is a function of the

number of eggs produced by the adult Yellow Perch population and the probability of survival from

eggs to recruits between periods t-3 and t-1. Additionally, recruits are subject to natural mortality
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during settlement in period t-1. Following Spigarelli et al. (1981), this can be represented as:

rt−1 = EUB ×
Xt−3

2
× e−M1△d1−M2△d2−ω (2.2)

where rt−1 is juvenile abundance measured in numbers of Yellow Perch; Xt−3 is adult Yellow Perch

spawning biomass. EUB estimates the eggs per unit of biomass of adult Perch and EUB × Xt−3

2

is the total number of eggs produced in the spawning period (Spigarelli et al., 1981). Eggs hatch

about three weeks after spawning and are subject to mortality both during spawning and larval

stages. M1 and M2 represent mortality at spawning and larval stages, respectively. ω is the natural

rate of mortality of juveniles, which is assumed to be equal to rate of mortality of adult stock.

Additionally, △d1 and △d2 represent the duration of time between spawning and larval and larval

and young-of-year juveniles, respectively. Equation 2.2 gives the number of Yellow Perch in that

will become juveniles in period t-1.

To convert the number juvenile recruits into biomass, we will model weight as a function of

length using a allometric length to weight function. The length of Yellow Perch at different life

stages is data that is easily collected. The relationship between body weight (W) and length (J) for

nearly all species of fish can normally be represented by

W = αJδ (2.3)

where α is the intercept parameter or shape coefficient, δ is the allometric parameter and L is the

length of age-1 Yellow Perch. The length of Yellow Perch can be modeled using the Von Berta-

lanffy growth function, which describes the growth of fish over their lifespan and has been found

to give reliable estimates of Yellow Perch growth (Bisping et al., 2019; Power & van den Heuvel,

1999; Spigarelli et al., 1981). The length of Yellow Perch at any point in time can be calculated as

a function of the maximum attainable length and the rate of approach to the maximum length 13.

13Length at age x can be calculated using Von Bertalanffy growth function where J(x) = J∞(1− e
−V (x−x0) and J∞

= asymptotic length, V = growth constant x0 = age at which length is 0 (assumed to be 0).
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Given the age at recruitment and length of Yellow Perch at recruitment, we can convert numbers of

recruits to recruitment biomass using the allometric length weight relationship. Juvenile biomass

of Yellow Perch can be represented as follows:

Rt−1 = rt−1W (2.4)

where Rt−1 is biomass that will form a part of the next year’s fishable stock. Equation 2.4 can be

used to estimate recruitment biomass under the scenario that there are no water quality impacts.

However, water quality affects survival of eggs and larvae in period t-3, young-of-year juveniles in

period t-2 as well as recruits in period t-1, directly and indirectly through the impact on submerged

aquatic vegetation. It is assumed that juveniles are affected by water quality some time between

spawning and age-1 (t-2) and during juvenile settlement in period period t -1. We will, therefore,

model water quality as having a contemporaneous effect (impacting juvenile mortality during set-

tlement) (Mailhot et al., 2015) and also a dynamic effect, (affecting juvenile mortality one period

prior through spawning stock). Under this scenario, juvenile recruitment can be estimated using

the following equation:

Rt−1 = r′t−1W (2.5a)

r′t−1 = EUB ·
Xt−3

2
e−M1△t1−(M2+G(Vt−2,S(Vt−2)))△t2−(ω+U(Vt−1,S(Vt−1))) (2.5b)

The contemporaneous effects of water quality occur in period t-1, U(Vt−1, S(Vt−1)) and in-

crease juvenile mortality above the natural rate of mortality, ω, and dynamic effects through the

water quality function, G(Vt−2, S(Vt−2)) in the period between spawning and juvenile settlement.

To close the model, assumptions will be made about the evolution of effort. Following Deacon

et al. (2011), the fisherman’s production (f ) is a concave function of capital and labor and the

decline in stock is proportional to the rate of effort. In any current period t the Yellow Perch

fishery employs capital K and labor L during a season of fixed length T to harvest the given (i.e.

predetermined) stock of fish Xt. We assume T ≤ 1, defines the season length as the fraction of
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the year that the season is open, such that, f(L,K)Tt is total fishing effort over the year. It follows

that the fishing mortality or the rate of harvest is determined by the fisherman’s production. Given

the effort and allowable catch restrictions, current harvest Ht can be depicted as

Ht = Xt(1− e−f(L,K)T ) (2.6)

where Xt is the fish stock at the beginning of the each year’s fishing season. Total effort in the

fishery in the current period can further be denoted as Et = f(L,K)T and equation 3.5 can be

rewritten as Ht = Xt(1−e−Et). In each period, firms incur labor cost only while the season is open

but incur capital costs over the entire year. Total cost of fishing can be represented as a function of

total effort

Ct = c(Et) (2.7)

A Québec regulatory body imposes restrictions on fishing to prevent over-exploitation of Yel-

low Perch stock in Lac Saint-Pierre. These restrictions include a licensing scheme and a quota, Qt,

on total allowable catch (TAC) implemented in 2005. By restricting the number of fishing licences,

the regulatory body restricts the capital that enters the fishery. In this restricted access fishery, each

fisherman would like to increase his capital and labour combination to increase his profits, but

given the capital restriction, he is only able to increase effort by increasing his labour. However,

the industry ability to increase effort depends on the substitutability between capital and labour.

For example, in Case 1, if capital and labour are perfect substitutes, the restriction on capital will

not impact the industry’s ability to expand effort (Deacon et al., 2011; Reimer & Wilen, 2013).

In this case, the industry effort will be the same as effort in an open access fishery. This arises

through incomplete assignment of property rights, which is not solved by the implementation of

fishery licences. The fisher’s inability to claim property rights creates a disincentive to foregoing

current harvest in return for greater future benefits of harvesting from a stock of greater biomass.

As stocks are fished down, industry marginal cost of effort will increase causing profits to be dis-
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sipated. The industry effort will be the rent dissipating level of effort. Using pt to denote price of

harvested fish, industry effort can be obtained using the profit equation

πt = pXt(1− e−Et)− c(E) = 0 (2.8)

However, with binding regulations, biological stock under regulated open access will be greater

than under open access, which allows harvest and total revenues to increase with effort.

In Case 2, if capital and labour are not easily substitutable (eg. if capital and labour must be

used in fixed proportions), effort in the restricted entry fishery will be lower relative to open access.

Fixing capital has the effect of increasing the marginal cost of effort, causing industry to reduce

effort exertion, which allows the level of rent dissipation to be constrained. In this case, industry

profits are

πt = pXt(1− e−Et)− c(Et) ≶ 0 (2.9)

Additionally, with the implementation of the quota scheme in 2005, harvest is each period depends

on the total allowable catch (TAC) quota restriction. While it is possible for actual harvest to

fall below the limit on TAC, in practice, we find that actual harvest is usually very close to the

maximum. As such, we will assume that Ht = Qt, implying that quota is fully fished. It follows

that equation 3.5 can be re-written as Qt = Xt(1− e−Et). This leads to an expression for effort as

a function of the the current quota and stock

Et = −ln(1−
Qt

Xt

) ≥ 0 (2.10)

Given the added quota restriction, the fishery resembles a regulated restricted access fishery. Profits

are positive or negative in the short run and can be expressed using equation 2.9

Equations 2.1 - 2.10 details the bioeconomic model that can be used to determine the impact

of changes in nutrient concentration on welfare in a restricted entry fishery. Following Reimer &

Wilen (2013), in the next section we will investigate the two cases described above.
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2.5 Numerical Simulation

The observed stock status and habitat quality of the Lac-Saint Pierre Yellow Perch fishery

provides a reasonable illustration of the importance of understanding habitat-fishery linkages. To

understand the potential effect of nutrient pollution on Yellow Perch, we conduct a series of numer-

ical simulation using the bioeconomic model above. The numerical exercise allows us to explore

the two pathways through which nutrient pollution may affect fish stock, and in turn, economic

welfare: (1) directly through fish kills (hereafter direct effect), and (2) indirectly through reducing

submerged aquatic vegetation, thus reducing food and shelter for species (hereafter indirect effect).

To carry out our numerical simulations we will use equations 2.1, 2.8 and 2.9 to examine the

impact of changing nutrient concentrations on adult and juvenile Yellow Perch stock. Equations 2.5

and 3.5 defines variables Rt and Ht, and equation 2.10 specifies effort, Et under the quota system.

Before moving forward with parameterizing the model, we fist have to decide on the functional

forms for our water quality (V) impact in equations 2.1 and 2.5. We assume that the water quality

impact, V, is the cumulative impact of selected water quality indicators - nutrients (phosphorus and

nitrogen), temperature and suspended solids. To partially define the between these water quality

indicators and fish stock, we will follow Simonit & Perrings (2005); Nguyen et al. (2016), in

assuming a quadratic relationship between nitrogen concentration and fish stock. We will further

assume that phosphorus concentrations and submerged aquatic vegetation linearly impact stock.

Thus, the equations below detail the direct and indirect impact of nutrients on fish stock. Recall

equation stock equation, equation 2.1, where the current stock is directly and indirectly impacted

by previous period water quality Vt−1, and represented as F (Vt−1, S(Vt−1). We define F (·) as a

function of nitrogen, phosphorus, temperature and total suspended solids as follows

F (Vt−1, S(Vt−1) = Nt−1 + Pt−1 + Zt−1 + TSSt−1 +N2
t−1 + S(Vt−1) (2.11)

As described above, we further assume that water quality affects recruits at different points

from spawning to settlement. From equation 2.5, recruitment is both a function of water quality

in the period of recruitment, t − 1, and spawning, t − 2. The separate water quality impacts are
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represented in the recruitment function using U(·) and G(·), respectively, which are further defined

as

U(Vt−1, S(Vt−1)) = Nt−1 + Pt−1 + Zt−1 + TSSt−1 +N2
t−1 + S(Vt−1) (2.12a)

G(Vt−2, S(Vt−2) = Nt−2 + Pt−2 + Zt−2 + TSSt−2 +N2
t−2 + S(Vt−2) (2.12b)

Nitrogen (N) phosphorus (P) and total suspended solids (TSS) are measured in mg/L, and tem-

perature (Z) is measured in degrees Celsius. From our water quality functions, in each period S(Vt)

is submerged aquatic vegetation abundance, measured as a fraction of the biological potential, and

is a function of water quality. As such, water quality indirectly impact fish stock through its im-

pact on submerged aquatic vegetation. In each period, submerged aquatic vegetation cover either

increases or decreases with the concentration of nutrients and other water quality indicators, such

that

S(Vt) = S(Nt + Pt + TSSt + Zt) = S0e
Nt+Pt+TSSt+Zt (2.13)

The use of these indicators is based on the findings of Hudon et al. (2012) and Giacomazzo

et al. (2020) as well as the general literature on the impact of nutrients on freshwater ecosys-

tems (McDowell et al., 2020; Daldorph & Thomas, 1991). The literature suggests that changes

in phosphorous and nitrogen concentrations and the resulting N:P ratio impact submerged aquatic

vegetation abundance, and more specific literature on Lac Saint-Pierre suggests the inclusion of

temperature as an additional indicator. Furthermore, water quality degradation is defined as an

increase or decrease in these water quality indicators, resulting in a shift in trophic level (eg. from

oligotrophic or ‘clean’ to eutrophic or polluted).

Finally, equations 2.8 and 2.9 define profits and consequently, effort Et, under the case of rent

dissipation and no rent dissipation, respectively. In order to obtain effort under these two cases, we

need to make assumptions about the cost function c(E) and the quota restriction. For simplicity
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we will assume that total costs are linear in effort such that c(Et) = cEt. Following (E. Barbier,

2019), we assume that the quota is a fixed proportion of fish stock in each period, Qt = qXt

We next proceed to parameterize our model. The parameters for our numerical simulation are

obtained from the literature and estimation, where possible, and are described below.

2.5.1 Parameterization

Simulations are based on the Yellow Perch fishery in Lac Saint-Pierre, Québec. This fishery

is the only commercial freshwater fishery in the Québec region of the St. Lawrence River, and

has been indefinitely closed due to declining fish population. In this section we will also address

the question of whether a reduction in the nutrients would have postponed or even prevented the

closure of the Lac Saint-Pierre Yellow Perch fishery and estimate the potential impact of nutrient

pollution on welfare. This fishery provides an excellent context for illustrating the value of water

in aquatic systems. However, despite the observed decline in fish stocks since the 1980s, only

limited biological data has been collected from the fishery. Given this limitation, estimation of the

effect of nutrients on fish stock was not feasible and a numerical technique was instead employed.

Recall that we will use equations 2.1, 2.8 and 2.9 from our bioeconomic model to investigate

the impact of nutrients on fish stock. This requires parameterizing these equations as well as sube-

quations. Parameters for the direct impact of nutrients on Yellow Perch were based on estimations

done by Nguyen et al. (2016), as their functional forms are similar to those used in the water quality

functions presented in equation 2.12. Parameters for the impact of nutrients in the indirect effect

were obtained from OLS estimation using data on submerged aquatic vegetation cover and nutrient

concentration in Lac Saint-Pierre. submerged aquatic vegetation in each year was estimated by

St = αS0e
β1Nt+β2Pt+β3TSSt+β4Zt+ϵt (2.14)

Parameter estimates for the relationship between submerged aquatic vegetation and nutrients (equa-

tion 2.14) are presented in Appendix B, which were determined from empirical analysis. Data for

the empirical estimation of equation 2.14 were obtained form recorded observations of submerged
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aquatic vegetation and nutrients in Lac Saint-Pierre. Given the limited knowledge of the relation-

ship between submerged aquatic vegetation and fish stock, we were unable to find estimates of the

impact of submerged aquatic vegetation on Yellow Perch adult and juvenile stock, as described by

the last term in equation 2.11. In our analysis, we randomly selected values from a standard nor-

mal distribution representing high and low impacts of submerged aquatic vegetation. Additionally,

given the modest size of the fishery relative to other Yellow Perch fisheries in Canada, we assume

that the industry is price-taking. Price in each year is assumed to be the estimated industry average

price. This average price was estimated using producer price index and the actual price in 2011.

Given the lack of information on production costs, total cost in each year was estimated as 70% of

total revenues in each year (DFO, 2006a). Other biological parameters were taken from the litera-

ture on Yellow Perch, though this may not be specific to the Lac Saint-Pierre commercial fishery.

Table 2.1 shows the key biological and economic parameters used in the simulation. Dynamic

paths for Yellow Perch stock and harvest from 1990 - 2011 and 2012 - 2014 can be simulated

using actual water quality data and effort from 1987 -2014 and initial stock and submerged aquatic

vegetation cover from 1987, in addition to other parameters presented in Table 2.1.

Management measures implemented under the 1970s Québec law on environmental quality led

to the reduction in phosphorus concentrations in Lac Saint-Pierre, making alternative policies to

increase phosphorus untenable. We will therefore focus on policies aimed at changing phosphorus

concentrations. To test whether a similar reduction in nitrogen concentration would have limited

the decline in Yellow Perch stock and delayed the closure of the fishery, we begin by carrying out

counterfactual simulations adjusting the nitrogen concentration while keeping phosphorus fixed at

actual levels, to see the impact on fishery stock and harvest. We assume that the point of fishery

closure is at a stock level equalling the actual 2011 stock. Additional simulations replacing nitrogen

and phosphorus concentrations with the N:P ratio are then carried out to assess the importance of

the N:P ratio in determining fish stock.
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Table 2.1: Key parameters

Parameter Symbol Estimate Source
Biological

Allometric weight δ 0.03
Natural mortality η 0.13 Mailhot et al. (2015)

Average juvenile length L 140mm Mailhot et al. (2015)
Eggs per unit biomass EUB 65316 Spigarelli et al. (1981)
Spawning mortality M1 11.51 Spigarelli et al. (1981)

Larvae mortality M2 5.5 Spigarelli et al. (1981)
1987 Stock X0 13,083,128kg

Season length T 0.67a Mailhot et al. (2015)
Environmentalb

Oligotrophic
Phosphorus < 0.01 mg/L Istvánovics (2010); Beiras & Beiras (2018)

Nitrogen < 0.3 mg/L Istvánovics (2010); Beiras & Beiras (2018)
N:P < 15

Mesotrophic
Phosphorus 0.01 - 0.02 mg/L Istvánovics (2010); Beiras & Beiras (2018)

Nitrogen 0.3 - 0.5mg/L Istvánovics (2010); Beiras & Beiras (2018)
N:P 15 - 17

Eutrophic
Phosphorus > 0.035 mg/L Istvánovics (2010); Beiras & Beiras (2018)

Nitrogen 0.5 - 1.5mg/L Istvánovics (2010); Beiras & Beiras (2018)
N:P > 17

Economic

Cost of effort c 67% of total revenues
Average price p CAN$6/kg in 2011

Quota restriction q 0.03

aFraction of 12 months commercial fishing allowed. This represents the average length of season over the period of
analysis.

bNitrogen concentration above 0.63mg/L and phosphorus concentration above 0.03mg/L are considered excessive.
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2.5.2 Numerical Results

To understand the role of nutrients in actual stock outcomes, we run sets of 28-year simula-

tions of stock and harvest, from 1990 to 2014, using available water quality data from 1987-2014.

Across each year in a 28-year simulation, we assume that variations in stock are due to variations

in recruitment and nutrients. We run five sets of 28-year simulations under nutrient pollution sce-

narios ranging from severely eutrophic to mesotrophic. In our simulations, a lake is eutrophic if it

is phosphorus limited. That is, given that phosphorus is considered the limiting nutrient in lakes, a

lake is eutrophic if it has too high nitrogen concentration. From table 2.1, this implies a nitrogen

concentration above 1.5mg/L. Alternatively, a mesotrophic lake is equally nitrogen and phospho-

rus limited. In other words, it has the optimal amount of dissolved nitrogen considered needed for

growth of aquatic organisms. A mesotrophic lake has nitrogen concentration between 0.3mg/L and

0.5mg/L (see Table 2.1).

Figure 2.7 illustrates the simulated trends over 1990 to 2014 of the direct and indirect effects

of nutrients on stocks under different nutrient pollution scenarios. In the top panel, we present an

example of the evolution of stock from 1990 to 2014 under different nitrogen pollution scenar-

ios (eutrophic, actual and mesotrophic). The ‘actual’ series shows the stock evolution under the

existing nutrient conditions in Lac Saint-Pierre.

Figure 2.7 has a few implications. First, we see that actual stock is almost identical to stock

under the eutrophic (nutrient pollution) counterfactual when nitrogen concentration is used as the

nutrient pollution indicator. This implies that, using nitrogen concentration as the trophic level

indicator, the current trophic state in Lac Saint-Pierre can be classified as being closer to eutrophic.

We also see that a linear difference in stock between the actual and mesotrophic (no nutrient pol-

lution) counterfactual. That is, in all time periods, stock is higher under no nutrient pollution that

it is when there is nutrient pollution.

As a means of comparison we carry out a similar simulation where the N:P ratio is used instead

of nitrogen and phosphorus. In this specification, the N:P ratio is assumed to have a quadratic direct

effect and submerged aquatic vegetation exponentially responds to changes in N:P concentration.
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(a) Stock comparison using nitrogen indicator

(b) Stock comparison using N:P ratio indicator

Figure 2.7: Snapshot of the combined effect (direct and indirect) in a Bioeconomic Simulation. Annual
stock with nutrient pollution compared to no nutrient pollution.
Note: The top panel depicts total stock under the actual nitrogen concentrations, eutrophic nitrogen concen-
tration (1.5 - 2.5mg/L) and mesotrophic nitrogen concentration (0.2 - 0.3mg/L) . The bottom panel depicts
total stock under the actual N:P ratios, eutropic N:P ratio (25 -28) and mesotrophic N:P ratio conditions (13
-15).
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Equations 2.11 and 2.12 can be re-written using N:P as

F (Vt−1, S(Vt−1) = NPt−1 + Zt−1 + TSSt−1 +NP 2
t−1 + St−1 (2.15)

and

U(Vt−1, S(Vt−1)) = NPt−1 + Zt−1 + TSSt−1 +NP 2
t−1 + St−1 (2.16a)

G(Vt−2, S(Vt−2) = NPt−2 + Zt−2 + TSSt−2 +NP 2
t−2 + St−2 (2.16b)

where St = S0e
NPt+TSSt+Zt . As before, St is empirically estimated and the parameters used

in simulating fish stock when the N:P ratio is considered important. For our other water quality

effects, estimates of the elasticities were taken from the literature. In our simulations, the N:P

ratio is then adjusted to represent different trophic levels (eutrophic and mesotrophic). Here we

find a more accurate representation of the evolution of stock in the fishery. Yellow Perch stock

under the actual N:P ratio was higher than under the simulated mesotrophic conditions until 2000.

This implies that that while the concentration of nitrogen was above the optimal concentration

for a eutrophic lake, the optimal balance between nitrogen and phosphorus concentrations was

maintained. Figure 2.7 further indicates that after 2000 there was a shift in the trophic state such

that the stock fell below what would be achieved in a mesotrophic system. However, actual stock

from 2001 - 2011 was higher than stock would have been under extreme eutrophic conditions.

To summarize, our simulations above examine changes in stock within severity of nutrient pol-

lution. We find some evidence that there is a significant positive correlation between mesotrophic

(optimal nutrient concentrations) conditions and stock when the N:P ratio is used as the indica-

tor of nutrient concentration. We further find evidence that the optimal N:P ratio for submerged

aquatic vegetation growth is higher than that needed for Yellow Perch growth. The overall impact

of changes in the N:P ratio depends on which effect dominates.
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2.5.3 Policy Simulations

We can use our numerical simulations to address two policy questions: (1) could the implemen-

tation of policies to reduce the N:P ratio in 2005 delay or prevent the closure of the fishery in 2011?

and (2) what is the welfare gain from reducing the N:P ratio in 2005? To answer both questions,

we can examine how reducing the N:P ratio would impact stock and harvest under the scenario

that profits are not dissipated14. We simulate stock from 1990 - 2014 under different N:P reduction

scenarios and use the actual stock in 2011 to define the stock at which the fishery is biologically

unsustainable and would require closure. To answer the second question, we then calculate the

changes in profits from 2005 - 2014 (assuming that the fishery remained open after 2011). While

lowering the N:P ratio would increase stock before 2005 (see fig 2.3c), the implementation of the

quota on catch prevented the industry from maintaining previous catch levels despite a declining

stock status. Additionally, in 2005, the N:P ratio was above 24 and continued to increase, caus-

ing Lac Saint-Pierre to transition to being hypereutrophic (severely phosphorus limited) (Barica,

1990).

Figure 2.8 shows the evolution of stock under different N:P ratio reduction scenarios. Our

simulations suggest that if the N:P ratio was 5% lower than the actual in each year, Yellow Perch

stock would have been higher in each year, except 2006 - 2007. If we assume that the fishery closes

once the stock reaches the actual 2011 level, our simulations show that a 5% reduction in the N:P

ratio would not have delayed closure. However, this reduction in the N:P ratio would have resulted

in higher stock over majority of the period of analysis. Greater reductions would have been likely

to delay fishery closure (see Appendix B). Figure 2.8 shows that a 10% reduction in the N:P ratio

would have delayed fishery closure for at least an additional three years (see Appendix B).

The welfare impact of reducing the N:P ratio can be determined by examining changes in net

present value profits resulting from changes in the N:P ratio and subsequent harvest. This depends

on the Yellow Perch market structure. Given the relatively small size size of the Lac Saint-Pierre

14We assume that the Lac Saint-Pierre fishers are price takers such that changes in the N:P ratio are likely to only
impact profits. Under the scenario that profits are dissipated in all periods, there is no impact on profits.
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(a) 5% reduction in N:P ratio

(b) 10% reduction in N:P ratio

Figure 2.8: Comparison of actual Yellow Perch stock against stock under different policy simulations.
Note: The top panel (figure a) depicts total stock under the baseline scenario using actual N:P ratio versus
stock under counterfactual simulations using 5% lower N:P ratios (counterfactual). The bottom panel (figure
b) depicts total stock under baseline scenario using actual N:P ratio versus stock under counterfactual with
10% lower N:P ratios (counterfactual).
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Yellow Perch harvest relative to the total output in the Canadian sector (Kinnunen, 2003), we

assume that the fishery is price-taking. Changes in harvest will only impact profits, if any is made.

Additionally, with the quota restriction implemented in 2005, the fishery begins to resemble a

regulated restricted access fishery and assume that profits are represented by equation 2.9 with

effort determined by equation 2.10. The results from 4 simulations are presented in table 2.2.

The sum of changes in net present value profits from reductions in the N:P ratio from 2005

to 2014 are shown in table 2.2. As expected, we see an increase in net present value profits

with reductions in the N:P ratio. This, however, depends on the percentage change in the N:P

ratio. A 5% reduction in the N:P ratio would have resulted in an increase in discounted 15 profits

of CAN$16, 566 16 over the actual profits made in 2005 - 2011. The fishery, however, would

have been closed in 2011 preventing additional profits from being made. A 10% reduction in the

N:P ratio would have resulted in an increase in profits of CAN$260,193 from 2005 - 2014. This

represents 18.2% of actual 1990 - 2011 profits.

Table 2.2: Sum of changes in profitsa 2005-2011 and 2012 - 2014 due to reductions in N:P ratio

Percentage
reduction in
N:P ratio

Sum of profits
2005 - 2011
(CAN$)b

Sum of profits
2012 - 2014
(CAN$)

Total change
inprofits 2005
- 2014 (CAN$)

% of actual
1990 - 2011
profits

5% 162,220 Closed 16,566 1.15
10% 371,368 34,480 260,193 18.2
15% 1,059,935 98,407 1,012,687 71
20% 3,813,614 354,060 4,022,020 281

aProfits are presented net present value profits in Canadian dollars (CAN$) and are discounted
back to 1990 using a 5% discount rate.
b In 1990, CAN$1 = US$ 0.86.

The results of the simulation support the findings by Hudon et al. (2012) on the impact of nu-

trient pollution in Lac Saint-Pierre. Here we find that a reduction in the N:P ratio would increase

Yellow Perch stock and harvest and resulting fishery profits. This outcome supports the findings

15using a 5% discount rate

16CAN$1 = US$ 0.86 in 1990, not seasonally adjusted (Board of Governors of the Federal Reserve System (US), n.d.)
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of Mailhot et al. (2015) that reductions in nutrient pollution in the St. Lawrence River can lead to

the recovery of species. A major caveat to these results is the assumed importance of submerged

aquatic vegetation to fish stock. We assumed a relatively low impact of submerged aquatic vegeta-

tion on Yellow Perch stock. For our simulations, we assumed that a one unit increase in submerged

aquatic vegetation cover increase stock by 0.8kg. With higher elasticities, the overall impact of re-

ducing the N:P ratio is lower, as the negative impact of higher N:P ratios on submerged aquatic

vegetation becomes more dominant. Additionally, our chosen functional form, while guided by the

literature, assumes that lower N:P ratios are always beneficial, and lead to higher stock. As such,

our simulations do not consider the direct and indirect impacts of too little nutrients on stock.

2.6 Conclusion

The aim of this paper is to quantify the impact of nutrient pollution on the Yellow Perch in Lac

Saint-Pierre. This is done by carrying out simulations to test two hypotheses: 1)the N:P ratio is an

important indicator water quality in Lac Saint-Pierre and (2) improving water quality in Lac Saint-

Pierre is welfare-improving. Current N:P ratios, which have very high values, could theoretically

reflect either phosphorus limitation or excess nitrogen. In Lake Saint-Pierre, which is not phos-

phorus deficient, it is certainly a nitrogen excess. This highlights the importance of the nutrient

balance when assessing water quality in freshwater systems. For Yellow Perch in Lac Saint-Pierre,

further reductions in phosphorus concentrations below current levels may negatively impact fish-

ery productive and welfare. This is because any further reductions in phosphorus will cause the

N:P ratio to increase, which may be detrimental to fish stock. Instead, the N:P ratio should be

reduced through lowering nitrogen concentrations. Simulations show that the overall impact of a

reduction in the N:P ratio on Yellow Perch abundance and net present value profits depends on the

magnitude of the direct impact of nutrients relative to the indirect impact of nutrients on fish stock.

Even when low elasticities are chosen for the indirect impact, reductions in the N:P ratio lead to

increases in stock. This implies that the negative indirect impact of high N:P ratios outweigh the

direct benefits from higher ratios on the Lac Saint-Pierre Yellow Perch.
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Given that reductions in the N:P ratio would positively impact fish stock, there are implications

for fishery closure. Simulation results indicate that reductions in the N:P ratio of 5% would not

have impacted the moratorium being implemented. From figure 2.8 we see that with a 5% reduction

in the N:P ratio, Yellow Perch stock in 2011 would have been very similar to actual stock in that

year. Assuming that the 2011 stock is the critical biomass at which fishery closure occurs, a 5%

reduction would not have prevented fishery closure. However with a 10% reduction in the N:P

ratio, stock in 2011 - 2014 would have been higher than actual 2011 stock and the life of the

fishery would be extended, at least until 2014. Higher reductions in the N:P ratio would potentially

extend the life of the fishery even longer.

While more work needs to be done to fully explain the welfare impacts of nutrient reduction

in Lac Saint-Pierre, these results give some direction. From the results we see that the current

trend in phosphorus concentrations has led to a scenario where further reductions will not lead to

improvement of profits unless nitrogen concentrations are also addressed. The observed trend in

phosphorus concentration has been as a result of policies implemented in Québec to reduce nutrient

pollution caused by agriculture. These policies have cause a shift from using fertilizers with high

phosphorus content to fertilizers with high nitrogen content (Giacomazzo et al., 2020). As a result,

phosphorus concentrations have fallen to acceptable standards while nitrogen concentrations have

continued to increase. Efforts should now be continued to ensure that nitrogen loads are effectively

reduced. Given the potential loss in welfare from reducing concentrations of either nitrogen or

phosphorus, nutrient reduction policies should target maintaining a nutrient balance rather than

absolute nutrient loads. The implementation of agricultural policies to reduce the influx of nitrogen

into the fluvial lakes, similar to those implemented for phosphorus, may achieve this goal.

While more work needs to be done to fully explain the welfare impacts of nutrient reduction

in Lac Saint-Pierre, these preliminary results give some direction. From the results we see that

the current trend in phosphorus concentrations has led to a scenario where further reductions will

not lead to improvement of profits unless nitrogen concentrations are also addressed. The ob-

served trend in phosphorus concentration has been as a result of policies implemented in Québec
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to reduce nutrient pollution caused by agriculture. These policies have cause a shift from using

fertilizers with high phosphorus content to fertilizers with high nitrogen content (Giacomazzo et

al., 2020). As a result, phosphorus concentrations have fallen to acceptable standards while ni-

trogen concentrations have continued to increase. Efforts should now be continued to ensure that

nitrogen loads are effectively reduced. Given the potential loss in welfare from reducing concen-

trations of either nitrogen or phosphorus, nutrient reduction policies should target maintaining a

nutrient balance rather than absolute nutrient loads. The implementation of agricultural policies to

reduce the influx of nitrogen into the fluvial lakes, similar to those implemented for phosphorus,

may achieve this goal. In Lac Saint-Pierre, 85% of total nitrogen loads are of agriculture origin

(Hébert and Blais, 2017). At a finer scale, the improvements made in each of the watersheds could

potentially be tracked individually in each of the Lac Saint-Pierre water bodies. Restoration of

water quality and nutrient balance are essential conditions to rebuild the biological production of

Lac Saint-Pierre and ultimately the Yellow Perch fishery. In parallel, the significant increase in

turbidity has played an important role in the decline of SAV and the fishery (Giacomazzo et al.,

2023), and this variable represents an important avenue for future research and regulation.

There are, however, some limitations to our analysis. The first is the lack of data on fish

stock in Lac Saint-Pierre. Consequently, stock of Yellow Perch was estimated from catch per unit

effort data and harvest was estimated using the assumed functional form. Additionally, we were

unable to obtain accurate Yellow Perch price and cost data for each year. We were also unable to

obtain biological data that gives estimates of the relationship between stock and SAV and nutrients.

The results of our simulation and estimated welfare impacts are therefore sensitive to the selected

parameters and assumed relationships, and may change significantly if the actually relationships

vary significantly with our estimates. Nonetheless, our analysis provides the first account of the

welfare implications of water quality degradation given its direct and indirect impact on fish stock.
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Chapter 3

Estimating water quality impacts on snow crab in

the Estuary and Gulf of St. Lawrence River (EGSL),

Canada
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3.1 Introduction

After the decline of the Atlantic cod stock in 1992, the commercial fishing industry on Canada’s

east coast underwent a period of change where groundfish has been replaced by shellfish as the

main harvested species (DFO, n.d.-c). The snow crab (Chionoecetes opilio) is one of the most

important crustaceans harvested species in Canada and in 2013 exports of snow crab was valued

at $434 million, second only to lobster exports. The snow crab commercial fishery in the Estuary

and Gulf of St. Lawrence (EGSL) began in the late 1960s, but in the early 1970s and again

between 1987 and 1989, there was a significant decrease in landings. The 1987-1989 decrease was

attributed to low crab recruitment in the late 1970s (DFO, 2019), which did not rebound in the

1980s. This was despite the management measures implemented by the Department of Fisheries

and Oceans (DFO) when they assumed responsibility for the fishery in 1983. These management

measures included issuing licences and in 1991, total allowable catches (TACs) were established

in each area to limit catches. The Estuary and Northern Gulf of St. Lawrence areas are currently

characterized by a stable or slightly decreasing fishable biomass. Overfishing was identified as the

main contributor to low fish stock even in current periods, despite the implementation of licenses

and quotas. However, the DFO recognized that the chosen quota level in each year may correspond

to harvest that could lead to low biomass in the following year (DFO, 2015). This is given that

snow crab stock is subject natural fluctuations over 8 to 12 year periods. During each period,

recruitment fluctuates between consecutive low-abundance year-classes consecutive moderate-to-

high abundance year-classes. As such, the quota chosen by the DFO may have been too high to

account for the dips in recruitment, leading to overall declines in stock and landings. In addition to

these factors that may lead to low biomass, water quality has been fluctuating due to both land-use

change and climate change. These fluctuations include increased temperature and salinity and low

dissolved oxygen concentration.

With fluctuating water quality in the EGSL, concerns have been raised about the link between

declining water quality and the decline in snow crab abundance. The water quality indicators that

have been identified as possibly impacting snow crab abundance include temperature, dissolved
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oxygen and salinity. Snow crabs prefer cold water temperatures and are most often found on sandy

or muddy bottoms. They prefer saltwater with temperatures below 4◦C and oxygen saturation

above 70% (DFO, 2019). In the Gulf of St. Lawrence, a negative relationship has been identified

between the temperature and snow crab depending on the stage in the life cycle (Marcello et al.,

2012; Zisserson & Cook, 2017; Mao et al., 2019; Hardy et al., 1994). On the other hand, prelim-

inary research into the impact of oxygen saturation on snow crabs has found that the species may

be very tolerant to low dissolved oxygen (McLeese & Watson, 1968; Qyli et al., 2017). Despite

the preferred level of dissolved oxygen, results from experiment showed that mean oxygen con-

sumption declined below levels needed for normal activity below oxygen saturation of about 34%

dissolved oxygen, implying a much lower biological threshold for snow crabs. However, again

this may be the case only during particular life stages. Snow crab larvae and juveniles have been

found to be less tolerant to higher temperatures, requiring temperatures lower than 4◦C and having

higher oxygen thresholds than adult snow crabs. In the EGSL, the impact of environmental fac-

tors on larvae and juvenile snow crabs has been posited as a possible explanation of low observed

abundance even during the natural cycle (DFO, n.d.-c).

While the literature on water quality impacts on the snow crab is sparse, we have somewhat

identified the channels through which dissolved oxygen impact snow crab abundance. In the early

stages of the snow crab life cycle, we find that dissolved oxygen may negatively affect spawning

activity by impacting whether spawners are able to produce or not, how many eggs they produce

and larval survival. At the recruitment stage, this water quality variable impact the survival of ju-

veniles by disrupting feeding activity. Finally, dissolved oxygen may impact the overall metabolic

activity of adult crabs in general. The aim of this paper is to develop a model that can be used

to quantify the impact of low dissolved oxygen (and hypoxia) on snow crab given the varying

tolerance throughout the life cycle. This is important for several reasons. 1) snow crab is an eco-

nomically valuable species in Canada and fluctuations in abundance with have welfare impacts

for stakeholders and the economy at large. 2) The impact of low dissolved oxygen will vary de-

pending on the stage in the life cycle. Adult snow crabs may be tolerant to low dissolved oxygen
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while juveniles may not. 3) Identifying the impact of water quality requires the use of a model that

separates the impact on adults from the impact on juveniles. We will develop a stock-recruitment

model that describes the relationship between adult and juvenile abundance and water quality. The

model will be used to test the hypothesis that low dissolved oxygen (and hypoxia) is negatively

associated with juvenile and adult snow crab abundance in the EGSL.

The rest of this paper will be organized as follows: Section 3.2 will give a brief background of

the commercial snow crab fishery in the EGSL that will be analyzed, and the biological motivation

for the hypothesis on the relationship between hypoxia and snow crab stock. Section 3.3.1 outlines

the regulated open access bioeconomic model and describes the evolution of the juvenile and adult

fishery in response to environmental changes. In Section 3.4, the bioeconomic model is empiri-

cally estimated using data from the snow crab fishery in the Estuary and Gulf of St. Lawrence

(EGSL) and in section 3.5, numerical simulations are carried out to estimate the welfare impacts

of declining oxygen in the EGSL snow crab fishery.

3.2 Background

3.2.1 Snow crabs and the environment

Snow crab (Chionoecetes opilio) is a crustacean belonging to the Oregoniidae family. Like

other crustaceans, this crab grows by passing through successive moults during which it sheds its

exoskeleton (shell) and absorbs water in order to increase the volume of its new shell. Moulting

generally takes place between April and June. Newly moulted snow crabs are called “white crabs”

because of the immaculate white colour of their abdomen. In both sexes, growth ceases for good

after a so-called “terminal” moult, which occurs at variable sizes. Males with a carapace width of

over 40 mm that have not yet undergone their terminal moult can be identified by their small claws

and are called “adolescents” (or “sub-adults”). Males that have undergone their terminal moult

can be identified by their larger claws relative to those of adolescents; they are called “adults”.

Delays in moulting or skip moulting can occur in immature and adolescent crabs and these events

appear to be related to density-dependent factors. The size of adult males varies between about
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40 and 165 mm and adult females between 40 and 100 mm. As such, adult males are usually

targeted for fishing, which creates a conflict between the fishery and the reproductive success of

the stock. Snow crabs live for slightly more than seven years after their terminal moult and their

shell condition changes during this period, first hardening for several months after moulting and

then deteriorating in the last years of life. High-value commercial males are available to the fishery

from about eight months to four years after the terminal moult, depending on the region.

Snow crab populations in the Estuary and northern Gulf of St. Lawrence show natural fluc-

tuations in abundance over 8 to 12-year periods. There are consecutive years of low recruitment

followed by years of moderate to high recruitment. The emergence of recruitment waves and

troughs is not perfectly synchronous in the northern Gulf due to factors related to the productiv-

ity of the snow crab stocks and the natural environment. Environmental factors may impact the

survival of larvae and juveniles, which could influence abundance. Stock assessments for snow

crab that ignore these factors and focus on variations in biomass density rather than total biomass

incorrectly absorb such environmental variations into catchability. With variable environmental

factors, explicit modeling of habitat is necessary for abundance estimation. Two of the most im-

portant environmental factors that are thought to impact the Snow Crab in the EGSL are temper-

ature and dissolved oxygen. Snow Crabs prefer the cold intermediate layer (CIL) in the Gulf of

St. Lawrence and saltwater (salinity above 26% and temperatures below 4◦ C. However, a review

of recent oceanographic data has shown that in recent years the CIL has been warming and this

trend in warming may lead to changes in abundance in the long run. Additionally, the Gulf of

St. Lawrence has been experiencing changes that have led to low dissolved oxygen. Snow Crabs

prefer oxygen saturation above 70% and the current levels of dissolved oxygen may be detrimental

to both adult and juvenile Snow Crabs.

Shortage of dissolved oxygen is a growing problem that has dramatic impacts on marine life

and ecosystems. This decline in oxygen can be caused by climate change, since warmer water

holds less oxygen, but is exacerbated by human influences. The amount of oxygen molecules that

water can hold at a given temperature, pressure and salinity is defined as oxygen saturation, to
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which there is an upper limit. For example, seawater at 10°C with a salinity of 35 and at normal at-

mospheric pressure is considered fully saturated (100%) when the dissolved oxygen concentration

reaches 6.4 millilitres per litre (mL/L) of seawater, and 50% saturated when it reaches 3.2 mL/L.

Hypoxia is considered to be oxygen saturation below 40%, and seawater with oxygen saturation

below 20% being considered severely hypoxic. Historical data indicate a decline in dissolved oxy-

gen in the deep waters of the Gulf of St. Lawrence since 1932, with the lowest levels of dissolved

oxygen being recorded in the Laurentian Channel, where oxygen saturation has been routinely

been in the range of 20% saturation since the mid-1980s. About one third of this decline since

1932 has been attributed to increased oxygen demand in the deep water due to higher bacterial

respiration and sediments. Since oxygen is essential for aerobic metabolism, marine life can suffer

impacts can suffer including reduced growth rates, lower reproductive success and higher mortality

in even mildly hypoxic waters (30 to 50% oxygen saturation). Preliminary research in the Estuary

and Gulf of St. Lawrence suggests that snow crab is tolerant to hypoxia, however, very little is

known about the effect of hypoxia on crustaceans in the Estuary and Gulf of St. Lawrence (DFO,

n.d.-a).

Biological literature on the relationship between environmental factors and snow crab is sparse.

However, studies of other crab species show that they are impacted by variations in dissolved

oxygen at different stages in the life cycle.

Tomasetti et al. (2018) investigated the individual and combined consequences of low dissolved

oxygen (DO) and low pH on blue crab larvae survival through a series of short-term experiments.

Experiments found that low dissolved oxygen and low pH significantly reduced larval survival. In

addition, if low dissolved oxygen falls below a minimum threshold, it can cause death of the blue

crab population. Low pH had no effect on blue crab and there was no interaction between dissolved

oxygen and pH. While severe hypoxic events may lead to death of species, some species are able

to withstand periods of hypoxia at different stages in the life cycle. Blue crab larvae are more

resistant to low dissolved oxygen concentration than new juveniles, and are less likely to succumb

to the absence of oxygen (Tankersley & Wieber, 2000). Adult blue crabs are generally considered
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tolerant of hypoxia. Despite their tolerance, adult blue crabs may experience stress in the form

of reduced growth, feeding, locomotion, or fecundity (Tankersley & Wieber, 2000). Furthermore,

lowered dissolved oxygen alters behavior, which can make some organisms more vulnerable to

predation.

Similarly, stone crabs show increased sensitivity to decreases in dissolved oxygen (DO) con-

centrations though this is dependent on their size during juvenile stages. Smaller juveniles exhibit

high rates of mortality when exposed to severely low dissolved oxygen concentrations, while larger

juveniles show signs of physiological stress demonstrated by an increase in anaerobic metabolism

(Gravinese et al., 2020). According to Bao et al. (2020), the negative effects of hypoxia on species

should not be ignored as chronic hypoxia impacts the physiological responses of species and fur-

ther increases the risk of pathogen infection.

3.2.2 EGSL Snow crab fishery

The Snow Crab fishery in the Estuary and Gulf of St. Lawrence (EGSL) comprises of areas

12A, 12B, 12C, 13, 14, 15, 16, 16A and 17 (see Figure 3.1) that are managed by the Department

of Fisheries and Oceans (DFO), Canada. The fishery began in the late 1960s and has experienced

fluctuations in landings throughout its lifetime. Fluctuations in the late 1980s were attributed

to recruitment failure in the late 1970s but landings rebounded in in the early 1990s to reach a

record high in 1995. The Quebec Department of Agriculture, Fisheries and Food was responsible

for management of the Snow Crab fishery until 1983, when the DFO assumed responsibility for

managing this fishery. This was followed by a number of management measures that were intended

to limit fishing effort. Licences and quotas on total allowable catches (TACs) were established in

each area in 1991 to limit catches. Stock assessments are used in the process of determining the

quota restriction and are adjusted annually in each area based on resource fluctuations. Despite

quotas on TAC, in 2003 a reduction in quotas was imposed due to overfishing and this led to a

significant decrease in harvest (DFO, 2019). Additionally, moratorium was imposed on snow crab

fishing in Area 13 in 2003 due to a decline in catch per unit effort (CPUE) and in average crab
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size. Stock status was monitored and the moratorium was eventually lifted in 2008. Data from the

fishery indicates that, on average, harvest was equal to the quota in each year from 2000 - 2016,

with the exception 2000 - 2003.

Figure 3.1: EGSL snow crab fishing zones 12A, 12B, 12C, 13, 14, 15, 16, 16A and 17 ; Source: Snow crab
- Estuary and Northern Gulf of St. Lawrence Inshore Areas (12A, 12B, 12C, 13, 14, 15, 16, 16A and 17),
2021

The Canadian snow crab fishery is one of the three most valuable marine species in Canada,

averaging CAN$58617 million in 2010, and has been the world’s largest single supplier of snow

crab. However, the EGSL only supplies approximately 15% of the total snow crab volume (DFO,

2019). The value of snow crab from the EGSL has been declining over time but recent data shows

a significant increase in value during 2016 and 2017. This increase in value has been attributed

17CAN$1 = US$ 0.97 in 2010
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to an increase in landing as well as increases in the average landed price. Canadian snow crab

is both consumed domestically and traded internationally, and as such, the average landed prices

for snow crab in Quebec and Canada generally follow the price trend in a reference market. For

example, in recent years, the U.S. supply of king crab and snow crab has been shrinking resulting

in a decrease in the global supply of snow crab. This resulted in an increase in the demand for

Canadian snow crab an increase average landed prices (DFO, 2019). A large proportion of snow

crab landed in the EGSL is exported by processing plants, and 93% of this export goes to the the

U.S. This implies that exports are highly dependent on the U.S market and prices in the EGSL

are sensitive to fluctuations in U.S crab supply. In coming years, the Canadian snow crab industry

is expected to face increased competition from Norway and Russia, which is expected to depress

international prices and further impact prices faced by fishers in the EGSL. The combination of

these factors implies that the industry is price-taking, having very little control over price trends.

The snow crab fishery in the EGSL is a significant contributor to employment in the region but

fluctuations in water quality can have significant impacts on fish production, making the job market

precarious. Fluctuations in water quality will have significant impacts on welfare and understand-

ing this impact is of interest to fishery managers and other stakeholders. The model developed

below describes the relationship between Snow Crab abundance and dissolved oxygen, based on

the biological literature on this relationship from other crab species. We will then empirically test

this model using data from the Snow Crab fishery in the EGSL and carry out policy simulations to

determine the welfare impact of variations in oxygen saturation.

3.3 Bioeconomic Model

The model developed will highlight the main relationships between stock and water quality as

identified in the literature and will specifically reflect snow crab fishery divisions in the Estuary

and Gulf of St. Lawrence (EGSL). Snow crab grows by passing through successive moults during

which it sheds its exoskeleton (shell) and absorbs water in order to increase the volume of its

new shell. Females spawn and eggs are carried by mature females for up to 2 years depending
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on food availability and environmental factors. Eggs are hatched from April to June when the

larvae become pelagic and then the larvae settle to the bottom in autumn to winter. Once settled

to the bottom, snow crab grow rapidly, moulting (shedding shells) approximately twice a year.

The first inter-moult stage can be referred to as the pre-recruit stage. At about age 4, snow crabs

reach a carapace width of 12mm and this will be used as the age of recruitment. This implies

that there is an approximate 4-year lag between spawning and recruitment (Zheng & Kruse, 2006).

In the period t-5, spawning is assumed to be affected by water quality. Spawning in period t-5

further determines the number of juvenile recruits in period t-1. In each period t-1, water quality

determines the survival of recruits as well as adult abundance. In period t, adult abundance is

determined by adult stock from previous period that survived fishing mortality as well as juveniles

that have reached maturity. In each period, adult stock is impacted by water quality.

3.3.1 Modelling Strategy

Based on the biological literature, we assume that water quality impacts snow crab at different

stages in the life cycle (adult, juvenile and larvae). Adult snow crab abundance in each period can

be described as a function of current water quality variables, V, stock from the previous period that

did not naturally die, Xit−1, recruitment, Rit−1, and previous period harvest, Hit−1, such that,

Xit = f(Vit−1) + (1−M)Xit−1 +Rit−1 −Hit−1 (3.1)

Where i is index for the zone and t is index for the time period, measured in years. For

simplicity, natural mortality (M) is assumed to be constant. Xit from the stock equation will be a

measure of mature male and female snow crabs, measured in kilograms. Current snow crab stock

is determined the amount of snow crabs from the previous period that survived natural mortality

and were not harvested plus recruitment. Recruitment, Rt−1, can be defined as juveniles from

previous period that survived to join adult stock in the current year.

Given our assumption that water quality affects snow crab at different stages, we employ a

single period lag on the water quality, V, to reflect the impact on adults that survived harvest as
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well as juveniles that are about to become a part of the next period’s adult stock. Additionally,

water quality may impact snow crab during juvenile settlement and this can be modelled using a

recruitment model.

The Ricker model depicts the relationship between spawning stock biomass and recruitment,

depending on fitted parameters (Subbey et al., 2014). These parameters allow recruitment to be

density dependent. Snow crab recruited into the next year’s stock are assumed to have have been

hatched 4 years prior such that in each period,

Rit = Sit−4e
a−b∗Sit−4 (3.2)

where Sit−4 is adult spawning stock in period 4. Equation 3.2 assumes that water quality does not

impact recruitment. To adjust this assumption, we can include a four-year lagged impact of water

quality between spawning and juvenile recruitment in the current period.

Rit = Sit−4e
a−b∗Sit−4+c∗f(Vit−4) (3.3)

The Ricker spawner-recruit model can be linearized through log transformations. Dividing through

by Sit−4 and taking natural logs yields

ln
Rit

Sit−4

= a− b ∗ Sit−4 + c ∗ g(Vit−4) (3.4)

Finally, harvest is defined as a functional relationship between effort level and crab stock in

time period t. As noted in section 3.2, the snow crab fishery of the EGSL is managed by a quota.

Given the quota (Qit) on total allowable stock set annually for each zone in the fishery, the snow

crab industry is restricted to an overall catch that does not exceed the quota. In most fisheries,

annual harvest is often equal to the quota set, such that,

Hit = H(Eit, Xit) = Qit (3.5)
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And industry profits are a function of the ex-vessel price of snow crab (p) and per unit cost of effort

(w)

πit = pitH(Xit, Eit)− witEit (3.6)

The economic impact of variations in oxygen saturation can be estimated by determining how

they influence stock and harvest, and the resulting impact on welfare, through changes in producer

surplus. However, this impact depends on the institutional arrangements, which determine the

rents to be derived from the fishery. In open access fisheries, the effort level chosen by the industry

is predicated by the assumption that entry continues until profits (and resource rents) are driven to

zero and the fish stock is over-exploited. A similar situation exists under regulated fisheries, except

that the quota set by the regulator ensures that a healthy fish stock is maintained. The Department

of Fisheries and Oceans (DFO) assumed responsibility for managing the snow crab fishery in 1983.

Management measures include limiting fishing effort by limiting catches through a global quota

system and through limits on the number, size and type of traps used by fishers, as well as the

establishment of a minimum legal carapace length. Total allowable catches (TACs) and individual

quota (IQ) programs were established in each fishing area in 1991. TACs are global quotas and

are used to determine individual quotas (DFO, 2019). However, a quota on TAC does not create

well-defined property rights. Regulators impose restrictions (such as shorter fishing season) to

ensure that the total allowable catch is not exceeded, which eventually result in the dissipation of

profits (Homans & Wilen, 1997). Alternatively, a licensing program like the one that exists for the

snow crab fishery in the EGSL may delay profit dissipation by limiting entry and exit. Licensing

restricts the capital entering the fishery. Assuming that EGSL snow crab fishers are price takers,

we have two possible scenarios:

1) Profit dissipation: Following Homans & Wilen (1997), to ensure that the current stock is

not over-exploited the regulator chooses a quota as some proportion (b) of stock in each period

Qit = c + bXit on TAC yearly, based on biological considerations (E. B. Barbier, 2019). We

assume that there is no restriction on capital and accompanying labour entering (leaving) the fishery

quickly, in response to profits (losses), subject to the maximum amount of capital allowed by the
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regulator. In the short run, the industry can increase (decrease) fishing effort by additional fishers

entering the fishery (Holland, 2011), increasing capital per boat (Stollery, 1986; Karpoff, 1985) or

increasing labour in response to perceived marginal cost. However, the regulator closes the fishery

to prevent over-exploitation, resulting in increasing hours worked by existing fishers. If there are

no other restrictions that limit effort in the fishery, the ’race to fish’ will result in rent dissipation in

each period and profits are driven to zero. The rent dissipating level of effort is

Eit =
pitH(Xit, Eit)

wit

(3.7)

When biomass changes, both the regulator instrument and the industry effort change. If the regu-

lator increases the quota in response to increased stock, under our zero profit assumption, changes

in biomass would lead to changes in aggregate revenues but total industry profits are zero. No

welfare changes occur under this scenario, making this scenario uninteresting.

2) No profit dissipation: the regulator chooses a quota as some proportion of stock in each

period Qit = c + bXit. The fishery continues to attract effort as long as profits are positive and

effort will decline if there are losses. However, licensing and other restrictions on fishing effort

results in slow entry and delay profit dissipation in the current time period t, but in the long run,

resource rents dissipate and profits are driven to zero. Effort, Eit, is assumed to evolve according

to the fisherman’s effort decision and the quota set, which is in effect an effort restriction. The

quota chosen in each time period puts a maximum cap on the effort level that can be chosen by

the fisherman. Effort is then bounded by the regulator such that Ēit is a limit determined by the

regulator (Hoff & Frost, 2008). Assuming that fishermen reach the maximum total allowable catch

(TAC) each time period, this implies that fisherman’s choice of effort is such that Eit = Ēit. That

is, the effort level chosen in each fishery equals the maximum effort determined by the quota.

Representing the quota for each zone in each year as Qit, effort is described as,

Ēit =
Qit

h̄it

; h̄it =
Hit

Ēit

(3.8)
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Where h̄it is the maximum catch per unit effort (CPUE). Equation 3.8 further sets harvest equal

to the quota, given that fishermen put in the maximum effort needed to meet the quota. Profit from

the crab fishery is determined residually from the from the harvest level and efforts, which are

bounded by the exogenously imposed quota. Profits are determined by

πit = pitH(Xit, Ēit)− witĒit (3.9)

Changes in biomass will lead to changes the harvest quota and therefore profits.

In the following sections, we will apply the model outlined above to the snow crab fishery in

the EGSL by empirically estimating the impact of changes in water quality on adult and juvenile

snow crab and estimating the welfare impacts.

3.4 Empirical Strategy

We develop an empirical approach combined with the bioeconomic model to test the hypoth-

esis that adult snow crab stock and recruitment in the EGSL are positively impacted by water

quality improvements. We employ a fixed effects panel analysis using data from the snow crab

fishery in the EGSL for the nine fishing zones over the period 2001 to 2016. Our empirical model

assumes water quality impacts are the same across all zones but differs at varying stages in snow

crab lifecycle. We additionally use fixed effects to control for other individual zone characteristics.

Our empirical strategy makes use of equation 3.1 and the linearized recruitment equation (equation

3.4), which assume that water quality (Vit) impacts both stock and recruitment. The water quality

variable of interest for our analysis is dissolved oxygen. However, when estimating the impact of

dissolve oxygen on species, the impact of other covarying environmental factors, such as temper-

ature and salinity, must be isolated. An alternative to using dissolved oxygen as a control variable

in estimation is to use oxygen saturation, which is adjusted for varying temperature, salinity and

pressure. The equations used in our empirical estimation can be re-written as functions of oxygen
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saturation (O). In equations 3.1 and 3.4, we assume that oxygen saturation linearly impacts adult

stock and recruitment, such that,

Xit = Oit−1 + (1−M)Xit−1 +Rit−1 −Hit−1 (3.10)

and

ln
Rit

Sit−4

= a− b ∗ Sit−4 + c ∗Oit−4 (3.11)

The variables in 3.10 transformed using logarithms to ensure that residuals are normally dis-

tributed and dummy variables are included to control for zone specific characteristics. The stock

equation to be estimated is

ln(Xit) = α1ln(Oit−1) + α2ln(Xit−1) + α3ln(Rit−1)− α4ln(Hit−1) +Dz + ϵit (3.12)

where Dz is a zone-specific dummy variable and z ∈ {12A, 12B, 12C, 13, 14, 15, 16, 16A, 17}. ϵ

is an error term that is assumed to a normally distributed i.i.d. term. Our parameter of interest in

equation 3.12 is α1. This gives the impact of variations in oxygen saturation on the adult snow crab

stock. If the α1 is non-positive, we reject the null hypothesis. If α1 is positive, we fail to reject the

null hypothesis that oxygen saturation positively impacts snow crab stock.

For our empirical estimations, we use a modified version of the Ricker stock-recruit equation.

Based on the biological literature on snow crabs, we find evidence that the number of recruits

in each period is not only determined by the abundance of female spawners but also the abun-

dance of males. Male snow crabs reach a higher carapace length than female snow crabs and as

such, make up a larger proportion of the fishable stock. Males help the females remove their shell

during moult, protect them from other males and predators and even feeds them. Upon larval re-

lease, males assist females with dispersing the larvae. This implies that the abundance of male

snow crabs is a significant determinant of larval production and survival. Our recruitment equation

can be adjusted to represent this biological occurrence, where recruitment is a function of overall

stock. The stock recruitment relationship described in equation 3.11 assumes that the ratio of cur-
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rent recruits to stock is impacted by oxygen saturation during spawning. However, the biological

literature suggests that oxygen saturation may have a larger impact of snow crab during juvenile

settlement than during the larval stages. We adjust equation 3.11 to reflect the possible impact of

oxygen saturation on juveniles during the recruitment period. Dummy variables are also included

to account for zone-specific effect, where z ∈ {12A, 12B, 12C, 13, 14, 15, 16, 16A, 17}

ln
Rit

Xit−4

= β0 − β1Xit−4 + β2Oit + β3Oit−4 +Dz + ηit (3.13)

η is an error term that is assumed to a normally distributed i.i.d. term. Our parameter of interest

in equation 3.13 is β2. If β2 and β3 are positive, we fail to reject the null hypothesis that oxygen

saturation positively impacts the stock-recruitment relationship.

3.4.1 Data Description

To investigate the impact of oxygen saturation on snow crab stock in the EGSL, we utilize

fishery and environmental data from 2001 - 2016. The key variables used to estimate equations

3.12 and 3.13 are listed in table 3.1summarized in Table 3.2.

Table 3.1: Variable Description

Variable Name Source

Xit Total shrimp stock Estimated
hit Catch per unit effort Collected by biologist
Sit Average oxygen saturation Galbraith et al. (2019)
Qit Total allowable catch (tonnes) Notices to Fish Harvesters (n.d.)
Hit Total harvest (tonnes) Collected by biologist
pit Ex-vessel price per kg Strategic Services Division, DFO, Quebec
cit Cost per unit effort Estimated
π Profit Calculated

While some data was available for all nine(9) zones being considered from 2001 - 2016, for

some zones - namely, Zones 12C and 16A - there were numerous missing data points and these

zones were dropped from our analysis. As such, a complete dataset was constructed for only 7 of
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the 9 fishing zones - zones 12A, 12B, 13, 14, 15, 16, 17. Data on the key variables was obtained

directly from biologists who are currently conducting surveys of snow crab stocks in the EGSL

zones, and preparing research documents that give a historical assessment of stock evolution. From

equation 3.12, the outcome variable of interest is the natural log of adult snow crab stock. Data

provided on adult stock was incomplete and instead catch per unit effort data was used to calculate

adult stock. This required some assumption about the harvest function in equation 3.5. For our

analysis, we assumed a Schaefer harvest function (J. Zhang & Smith, 2011) such that

Hit = H(Eit, Xit) = qEitXit (3.14)

where q is the catchability coefficient and catch per unit effort hit = qXit. Estimates of the

catchabiltiy coefficient was obtained was the literature on snow crab, though not specific to snow

crab in the EGSL. Catchabiltiy for the eastern Bering Sea snow crab was estimated to be 0.48-0.78

for males and 0.74-1 for females (Szuwalski & Turnock, 2016). Given that only male snow crabs

are fished in the EGSL due to fishery restriction, we used the range for male eastern Bering Sea

snow crab as an estimate for catchability in the the EGSL. Additional data required for modeling

includes harvest, quota and other environmental variable. Quota for total allowable catch was

obtained from the DFO Notice to Fish Harvesters. The DFO sets the quotas for the next year based

on the projected harvest levels obtained by applying the decision rules of the current precautionary

approach. Observed harvest was very close or equal to the quota on total catch in period. Stock

and harvest variables are measured in kilograms(kg).

Table 3.2 gives the summary statistics for key variables used in estimation. For each zone,

there are 16 observations for each variable, except for Zone 13, for which there was a moratorium

on fishing from 2003 to 2007. We find large variations in stock between Zones 12A, 12B, 13 and

14 and Zones 15, 16 and 17. Zone 15 recorded a significantly higher average stock from 2001 -

2016 than all other zones. A similar variation across zones is seen for recruitment. However, the

ratio of recruits to adult stock is similar across all zones except Zone 15. Zone 15 has the highest

average stock average recruitment is relatively lower than all zones. Harvest varied widely across
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zones. Harvest accounted for a large proportion of stock for zones with lower stocks. Interestingly,

recorded harvest in Zone 12B was higher than the estimated stock. This may indicate some errors

in data collection. For each zone, the quota on total allowable catch was very close to the actual

recorded harvest.

The explanatory variable of interest is oxygen saturation. Data on oxygen saturation was ob-

tained from the Department of Fisheries and Oceans’ (DFO) Atlantic Zone Monitoring Program

(AZMP) and other DFO surveys along with the 2018 report on the physical oceanographic con-

ditions in the Gulf of St. Lawrence (Galbraith et al., 2019). The 2018 report also includes data

on surface and deeper layers temperature, salinity and dissolved oxygen. In each year, oxygen

saturation is recorded at different longitudes and latitudes on a monthly basis. Oxygen saturation

levels account for fluctuations in temperature, salinity and pressure changes. For the period, 37

million observations were received, which were each assigned a fishing zone and then aggregated

to an annual level. Average annual oxygen saturation was obtained from Galbraith et al. (2019).

Other environmental data was collected even though were not used in empirical testing. Data on

dissolved oxygen concentration, surface and bottom layer temperature, and salinity was retrieved

from DFO surveys and may be useful for robustness checks. From Table 3.2 we see that average

oxygen saturation varies across zones, with Zone 17 having the lowest average oxygen saturation

over the period of study. This is consistent with reports that indicate that areas in the Lower Es-

tuary and Gulf of St. Lawrence have experienced the largest declines in oxygen over the past 70

years. Zone 17 experienced moderate to severe hypoxia in some years. Zone 16 also experienced

years that were moderately hypoxic but, on average was, not hypoxic. All other zones had oxygen

saturation above the critical hypoxic level.

Other variables listed in Table 3.1 are necessary for policy simulations.

3.4.2 Estimation and Results

The model described above is estimated using panel fixed effects regression. The results are

depicted in Table 3.3.
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Table 3.2: Summary statistics

Variable Mean Std. Dev. Min. Max.

Zone 12A
Xit 183,626 97,986 56,107 384,386
Rit 5.56 3.75 1.11 13.92
Oit 48.16 10.37 34.13 67.13
Qit 153,509 52,662 72,560 235,820
Hit 143,236 53,176 66,211 235,139

Zone 12B
Xit 192,438 105,060 55,181 379,280
Rit 6.56 5.72 0.43 21.31
Oit 53.97 5.97 40.33 62.75
Qit 271,601 71,314 194,098 424,476
Hit 254,390 80,971 153,283 415,406

Zone 13
Xit 328,013 280,330 36,670 941,756
Rit 8.95 16.56 0.64 59.12
Oit 66.40 11.75 44.61 86.50
Qit 210,726 202,575 4,535 769,136
Hit 195,011 182,262 4,535 719,251

Zone 14
Xit 753,788 396,124 317,132 1,531,886
Rit 23.77 32.34 0.17 93.62
Oit 55.61 5.88 45.57 67.07
Qit 453,021 113,258 318,357 691,224
Hit 450,835 112,891 318,357 691,134

Zone 15
Xit 8,851,775,571 5,415,487,249 1,495,443 17,091,166,208
Rit 47.62 65.59 0.73 237.61
Oit 57.88 7.58 37.90 73.11
Qit 492,076 131,655 295,682 716,620
Hit 491,594 132,493 292,961 716,983

Zone 16
Xit 9,796,138 3,177,995 4,319,787 15,418,465
Rit 939 501 140 1,743.76
Oit 46.71 8.65 29.81 61.01
Qit 3,523,102 881,663 1,965,469 5,035,691
Hit 3,501,161 863,137 1,957,306 4,971,267

Zone 17
Xit 6,633,745 2,344,138 3,763,224 11,012,495
Rit 549 406 89.09 1,392
Oit 35.50 5.92 23.69 47.61
Qit 1,754,024 485,237 1,217,194 2,739,140
Hit 1,743,072 486,358 1,209,938 2,662,045
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As discussed in the background description of the species, snow crabs experience natural re-

cruitment troughs and waves over 8 - 12-year periods, which have no identified cause. To control

for this natural occurrence, we use 8-year moving averages of stock and recruitment in equation

3.12. Given the one year lag and 8-year moving averages, the number of data points were reduced

from 100 to 49. In our first estimation of equation 3.12, we included oxygen saturation as one of

the regressors. The results are shown in the first column of Table 3.3. Saturation was found to be

insignificant in determining snow crab stock in each period. This is supported by the biological

literature, which suggests that adult snow crabs are tolerant to declining oxygen saturation. Previ-

ous stock and recruitment are significant determinants of current stock. The coefficient on harvest

was found to have the correct sign but insignificant. Our fixed effects regression pools data from

each zone as forces the coefficient on regressors to be equal. A Chow test on parameters associated

with stock and oxygen saturation was performed and we failed to reject the null hypothesis that

the parameters across zones were equal. The error term for the pooled regression was tested for

heteroscedasticity, for which we found no evidence. These results are presented in Appendix C.

However, results from the Durbin-Watson test for autocorrelation revealed negative autocorre-

lation. This was corrected by assuming disturbances are AR(1) distributed. Results are reported

in the second column of Table 3.3. The assumption of AR(1) disturbances resulted in a change in

magnitude of regressors, however, the signs and significance of the regressors remained the same.

Additionally, Zone 12B was dropped due to insufficient variation, reducing the number of zones

from 7 to 6. Coefficients suggest that a 1% increase in previous stock and recruitment results in a

0.66% or 0.13% increase in current stock, respectively.

Equation 3.13 was estimated using a similar approach - using zone fixed effects. The results

are depicted in column 3 of Table 3.3. The coefficient on period four spawning stock, assumed

to determine recruitment, is negative, implying some density dependence. The coefficient was,

however, found to be an insignificant determinant of snow crab recruitment. From our recruitment

equation, current period saturation was the only significant determinant of the proportion of fourth

period stock to current recruits. The coefficient implies that a 1% increase in oxygen saturation
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Table 3.3: Estimation Results

(1) (2) (3)
VARIABLES Log(Xit) Log(Xit) ln Rit

Xit−4

Log(Oit−1) 0.0862 0.0385
(0.0992) (0.0854)

Log(Xit−1) 0.794*** 0.660***
(0.0823) (0.146)

Log(Rit−1) 0.115*** 0.131**
(0.0387) (0.0604)

Log(Hit−1) -0.0474 -0.134
(0.0674) (0.0999)

Xit−4 -6.33e-11
(1.34e-10)

Oit 0.0456**
(0.021)

Oit−4 -0.0046
(0.021)

Constant 3.331** 6.308*** -13.85***
(1.475) (0.805) (1.539)

Zone FE Yes Yes Yes
AR(1) No Yes No
Observations 49 42 70
R-squared 0.798 0.085
Number of crab zones 7 6 6

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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would lead to a 0.045% increase in the ratio of recruits to stock. These results are are consistent

with the biological literature on the impact of oxygen saturation on snow crabs. A Chow test for

equality of parameters was carried out. No evidence was found to suggest that oxygen saturation

had a different impact on each zone. Additional tests for heteroscedasticity and autocorrelation

were carried out, for which we failed to reject the null hypotheses (see Appendix C).

While adult snow crabs and even snow crab larvae appear to be resistant to low oxygen satura-

tion, snow crab during juvenile recruitment is most impacted by declining oxygen saturation. As

such, we expect that oxygen saturation would be important in determining current period juvenile

recruitment but insignificant for determining the adult stock abundance.

3.5 Welfare Effects

From the data provided on oxygen saturation in the seven of the nine commercial snow crab

fishing zones in the EGSL (see table 3.2), we see that only one of the four zones experiences

moderate to severe average hypoxia (oxygen concentration 40% and below). Zone 17 has oxygen

concentration averaging 35% between 2001 and 2016, with some years having oxygen concen-

tration as low as 24%. For the other zones, average oxygen concentration over the same period

was not below 46%. Our policy simulation therefore focuses on the minimum increase in oxygen

saturation required for Zone 17 to escape hypoxia. For Zone 17, an approximate 5%-point increase

in average oxygen saturation would cause oxygen saturation to increase above the critical hypoxic

level. However, increasing the oxygen concentration in Zone 17 by 5% cannot occur without also

increasing oxygen saturation in all other zones, given that Zone 17 is located in the lowest part of

the EGSL and downstream from the other zones. Additionally, the proximate cause for the decline

in oxygen levels and hypoxic conditions in the EGSL is attributed to the combination of anthro-

pogenic nutrient loads and underlying environmental factors, which makes it impossible to target

a single fishing zone for an improvement in oxygen saturation. Without explicitly modelling the

underlying causes for hypoxia in the EGSL, our counterfactual policy simulations will assume a

5%-point increase above average oxygen saturation across all zones from 2002 - 2016.
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Using the parameters from Table 3.3, we simulate changes snow crab stock in the EGSL in

response to exogenous shocks to oxygen saturation under cases outlined above. However, our em-

pirical results suggest that oxygen saturation is not a significant of adult snow crab stock. Instead

changes in oxygen saturation will only have a significant impact on juvenile recruitment and as

such, we will only assume changes in equation 3.11 as oxygen saturation changes.

Along with the estimated parameters from equation 3.13 and assuming existing oxygen sat-

uration levels, we created a base case for our simulations. The base case model was calibrated

using actual data - initial stock and oxygen saturation were estimated to be their actual 2001 levels.

Adult stock and juvenile recruitment from 2002 to 2016 were then estimated using the estimated

parameters from equations 3.12 and 3.13. Total stock in each year is the sum of adults that escaped

harvest and previous period juveniles recruited into the current period’s adult stock. In each period,

harvest equals the quota set by the regulator. With the quota regulation and the assumption that

harvest equals the quota in each period, effort in the fishery depends on whether there are sufficient

regulations to prevent entry.

In Case 1 where regulations are insufficient to prevent entry, increases in stock biomass due

to increases in oxygen saturation will lead to increase in quota and harvest. With a higher stock

biomass, there is the potential for more profits, which attracts effort until resource rents are dissi-

pated and profits are driven to zero. The rent dissipating level of effort is

Eit =
pit(c+ bXit)

wit

(3.15)

Based on our discussion in Section 3.2, the EGSL fishing industry is assumed to be price-taking,

implying that changes in harvest will have no impact on prices. The result is that consumer surplus

will be unaffected by changes in harvest. Given that profits are dissipated in each period and

consumer surplus remains unchanged, welfare is not impacted by changes in oxygen saturation,

making this case uninteresting. In Case 2 outlined in section 3.3.1, regulations such as licensing

prevents quick entry and allow nonzero profits, at least in the short run. Increases in stock biomass

due to increases in oxygen saturation will lead to increase in quota and harvest. With a higher
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stock biomass, there is the potential for more rents, which attracts more effort. Restrictions prevent

additional effort from entering the fishery, leading to a cap on effort and nonzero profits in the short

run

Ēit =
c+ bXit

h̄it

(3.16)

Profits will be determined residually by

πit = pit(c+ bXit)− wit

c+ bXit

h̄it

(3.17)

Where, per unit price of harvest, pit, and per unit cost of effort, wit vary annually and by zone.

Profits are additionally a function of the regulator’s instrument b as well as stock. Improvements in

oxygen saturation will result in increases in stock, harvest and residual profits. Our assumption that

the assumption industry is price-taking implies that while prices change annually, these changes

in prices are out of the control of EGSL fishers. As such, changes from harvest in the EGSL

fishery does not lead to changes in consumer surplus. Our policy simulations will be based on

Case 2, in which changes in oxygen saturation leads to changes in fishery profits. Our final step

was to simulate the impact of a 5% increase in oxygen saturation on juvenile recruitment and

consequently, overall total stock to determine the consequent impacts on net present value profits

from 2002 to 2016, using data on prices and cost. The results of our welfare analysis are presented

in Table 3.4.

In the case where fishery regulations prevent profits from dissipating, across all six zones we

find modest increases in profits under the scenario of a 5-percentage point increase in oxygen

saturation in each year. The zones that gain the most from this improvement are the zones in the

lowest part of the EGSL. Zones 16 and 17 are in the lowest part of the EGSL and experience the

lowest oxygen saturation across all zones. This change in profits can be viewed as the value of

increasing oxygen saturation in the EGSL. This is only a part of the value since increasing oxygen

saturation is beneficial to other commercial species fished in the EGSL.

103



Table 3.4: Change in profitsa from 2002 - 2016 when oxygen saturation is increased by 5-percentage points
above actual saturation in each zone over the same period, assuming industry is price taking.

Zone Total profits (CAN$)b

Zone 12A Actual 2,343,150
5%-point increasec 2,348,188

difference 0.2%
Zone 13 Actual 2,832,691

5%-point increased 2,840,925
difference 0.3%

Zone 14 Actual 6,344,600
5%-point increase 6,360,832

difference 0.3%
Zone 15 Actual 6,675,526

5%-point increase 6,691,565
difference 0.2%

Zone 16 Actual 49,306,064
5%-point increase 49,548,791

difference 0.5%
Zone 17 Actual 28,101,390

5%-point increase 28,453,796
difference 1.3%

All Zones Actual 95,603,422
5%-point increase 96,244,099

difference 0.7%
a Profits in Canadian dollars (CAN$) is estimated as a present

value from 2002 - 2016 using a 5% discount rate.
b In 2001, CAN$1 = US$ 0.65
c Discounted profits from 2002 - 2016 with a 5-percentage point

increase in oxygen saturation.
d Discounted profits from 2002 - 2016 with a 5-percentage point

increase in oxygen saturation, assuming moratorium was not im-
plemented.

3.6 Discussion and Conclusion

The results of our empirical analysis partially supports our hypothesis that snow crab abun-

dance is positively impacted by improvements in water quality, particularly, improvements in oxy-

gen concentration. Consistent with biological literature on the relationship between oxygen satura-

tion and snow crabs, we find that oxygen saturation does not significantly impact adult snow crab
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abundance but is a significant determinant of juvenile recruitment. Adult snow crabs are found to

be more tolerant to low oxygen concentrations and even hypoxia. Snow crab larvae may be slightly

less tolerant, however, the significant impact is found for juvenile snow crabs. In the EGSL, a 1%

increase in oxygen results in an approximate 0.045% increase in the ratio of juvenile recruits to

stock.

Our simulations further indicate that there are positive welfare effects of increasing oxygen

saturation. If oxygen saturation is 5-percentage points higher each year, there is a net increase

in fish stock above the baseline scenario. The change in fish stock resulting from changes in

environmental conditions has welfare implications, and who loses and who gains depend on market

conditions and institutions governing fishery management. One of the important implications of

our results is that the welfare changes from an improvement in oxygen saturation vary significantly

across zones. For example, we find the largest change in profits occurred in Zone 17, implying

that this zone stands to gain the most from improvements in oxygen saturation. Zone 17 is the

second most productive snow crab fishing zone in the EGSL, despite having relatively low oxygen

saturation experiencing intermittent hypoxia over the period of analysis. This is contrary to what

is observed in this portion of the EGSL for other fish species such as the northern shrimp and may

be a further indicator of the tolerance of snow crabs to low oxygen saturation.

Our empirical estimation and numerical simulations indicated that there are positive welfare

benefits to be obtained from improving water quality through increasing oxygen saturation in the

EGSL. The analysis, however, is not without its limitations. The most obvious limitation is the

number of years of analysis. Due to the unavailability of data on snow crab abundance and harvest

in the EGSL, we were only able to analyze 16 data points for each zone. This is insufficient data

for each zone given that snow crabs experience 8 to 12-year natural waves and troughs that are

unexplained. This implies that stock will decline despite favourable environmental conditions. We

controlled for this by using 8-year moving averages, which significantly reduced the number of

observations per zone. The use of fixed effects along with the assumption of AR(1) distributed er-

rors further reduced the number of zones that were analyzed. The final results for our estimation of
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equation3.12 were based on 42 observations across 6 zones and and 70 observations across 6 zones

for equation 3.13. This raises questions about the use of our results for generalizations. However,

the model, estimation and welfare analysis presented here creates the foundation for analysis once

more data is made available. In addition to the lack of data, there is little confidence in the data

that was available as it appeared that the data was not based on actual annual observations from the

fishery but rather aggregations. This further affects the reliability of the results from estimations

and welfare analysis.

Another limitation is related to policy simulations. In our policy simulation, we assumed a

5-percentage point increase in oxygen saturation because it would take the critical Zone 17 above

the hypoxic threshold, and this was the simulated increase across all zones. However, water loses

oxygen as it flows between zones, so higher a larger increase would be needed in zones in the

upper portions of the river in order to achieve a 5-percentage point increase in the lower EGSL

(see Figure 3.1). It may be more intuitive to model the pathway though which a policy intervention

would lead to an increase in oxygen saturation across the different zones. This would require data

on the source of pollution in the EGSL and the biological and hydrological mechanisms through

which pollution leads to hypoxia. This is an area for future research.
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A.1 Model assumptions

A.1.1 Chow tests

Chow tests for for equality of coefficients across zones.

H0: ( 1) βzone8
2 − βzone9

2 = 0

( 2) βzone8
2 − βzone10

2 = 0

( 3) βzone8
2 − βzone12

2 = 0

H1: At least one group has different slope pa-

rameters

F( 3, 102) = 0.55

Prob > F = 0.6514

Result: Fail to reject null that coefficient on sat-

uration is equal across zones

H0: ( 1) βzone8
3 − βzone9

3 = 0

( 2) βzone8
3 − βzone10

3 = 0

( 3) βzone8
3 − βzone8

3 = 0

H1: At least one group has different slope pa-

rameters

F( 3, 99) = 3.87

Prob > F = 0.0115

Result: Reject null and conclude that at least one

group has different stock effects

H0: βzone8
3 − βzone9

3 = 0

H1: βzone8
3 − βzone9

3 ̸= 0

F( 1, 99) = 0.80

Prob > F = 0.3746

Result: Fail to reject null and conclude that

there is no difference in the stock effect between

zones 8 and 9

H0: βzone8
3 − βzone10

3 = 0

H1: βzone8
3 − βzone10

3 ̸= 0

F( 1, 99) = 2.16

Prob > F = 0.1449

Result: Fail to reject null and conclude that

there is no difference in the stock effect between

zones 8 and 10

H0: βzone8
3 − βzone12

3 = 0

H1: βzone8
3 − βzone12

3 ̸= 0

F( 1, 99) = 8.76

Prob > F = 0.0038
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Result: Reject null and conclude that stock effect is different for Zone 12.

A.1.2 Autocorrelation

Durbin-Watson test

H0: no first order autocorrelation

H1: positive or negative autocorrelation

Critical region: 1.284 < d < 1.567 Result: d > 1.567 for each zone. Fail to reject the null.

A.1.3 Heteroscedasticity

Bruesh-Pagan test

H0: Constant variance (homoscedastic error)

H1: No constant variance (Heteroscedasticity is present)

Result: The null hypothesis was rejected for zones 8 and 12. To correct this, robust standard

errors were used.
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A.2 Robustness Check

Table A.1: Fixed effects regression using Dissolved Oxygen (DO) instead of oxygen saturation (S). Tem-
perature (T) and salinity (V) are used as other environmental controls that impact the amount of oxygen that
dissolves in a water body.

(1)
VARIABLES Growth Rate

DOt−1 0.338***
(0.116)

Tt−1 -12.55
(11.58)

Vt−1 41.86*
(24.88)

Xt−1 -0.000557**
(0.000233)

Qit−1

Xt−1

-1.401
(17.91)

D8 -112.7***
(31.99)

D9 -108.8***
(39.62)

D10 -91.32**
(40.28)

D12 ∗Xt−1 -0.0251***
(0.00837)

Constant -1,283
(815.0)

Observations 112
R-squared 0.237

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Zone 8 Zone 9 Zone 10 Zone 12

VARIABLES Growth Rate Growth Rate Growth Rate Growth Rate

Sit−1 1.264 1.339 0.485 0.0602

(0.789) (0.813) (0.611) (1.870)

Xit−1 -0.000205 -0.000680 -0.000439 -0.0276**

(0.000714) (0.000550) (0.000356) (0.0108)

Qit−1

Xit−1

169.0** 16.08 -76.13 -14.88

(75.09) (150.6) (117.0) (23.57)

Constant -111.1 -39.90 23.31 75.43

(69.18) (73.03) (55.62) (67.17)

Observations 28 28 28 28

R-squared 0.387 0.246 0.101 0.218

Standard errors in parentheses

*** p<0.01, ** p<0.05, * p<0.1

A.3 Simulations

A.3.1 Parameter estimates
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A.3.2 Alternate policy simulations
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Table A.2: Fixed effects regression using logarithm of Saturation (S). The coefficient on saturation can be
viewed as the percentage change.

VARIABLES Growth Rate

Log(St−1) 36.57
(23.37)

Xt−1 -0.000629***
(0.000231)

Qit−1

Xt−1

-7.692
(17.65)

D8 -68.88**
(30.07)

D9 -53.36*
(30.76)

D10 -40.69
(30.01)

D12 ∗Xt−1 -0.0266***
(0.00834)

Constant -54.95
(84.07)

Observations 112
R-squared 0.171

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

133



Table A.3: Fixed effects regression including saturation and a squared saturation term.

(1)
VARIABLES Growth Rate

Satt−1 -0.885
(1.924)

Sat2t−1 0.0141
(0.0154)

Xt−1 -0.000600**
(0.000231)

Qit−1

Xit−1

-5.164
(17.64)

D8 -57.76*
(31.26)

D9 -42.61
(31.73)

D10 -32.16
(30.43)

D12 ∗Xt−1 -0.0257***
(0.00832)

Constant 82.69
(51.51)

Observations 112
R-squared 0.185

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Table A.4: Fixed effects regression including an interaction term between stock (X) and saturation (S).

(1)
VARIABLES Growth Rate

Satt−1 2.046**
(0.783)

Xt−1 ∗ Satt−1 -3.01e-05*
(1.60e-05)

Xt−1 0.000896
(0.000830)

Qit−1

Xit−1

-9.685
(17.42)

D8 -95.87***
(31.70)

D9 -75.80**
(31.49)

D10 -66.08**
(31.94)

D12 ∗Xt−1 -0.0278***
(0.00823)

Constant 6.887
(34.82)

Observations 112
R-squared 0.206

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1
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Table A.5: Regression of current and previous stock on quota. Parameters are used in simulations to
determine harvest, given the assumption that harvest equals quota in each period, as well as in determining
price using the isoelastic demand curve.

(1) (2)
VARIABLES Qit Qit

Xit 0.0579***
(0.00993)

Xit−1 0.0758***
(0.00899)

Constant 4,681*** 4,070***
(417.4) (382.5)

Observations 116 112
R-squared 0.234 0.399
Number of zone 4 4

Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

Table A.6: Case 1 change in consumer surplus with a 5-percentage point increase in oxygen saturation
above actual saturation, 1991 - 2018.

Zone Total change in CS (CAN$) Average annual change in CS (CAN$)

Esquiman 7,733,402 276,193
(Zone 8)
Anticosti 38,279,557 1,367,127
(Zone 9)
Sept-̂iles 84,707,569 3,025,270
(Zone 10)
Estuary 90,110 3,218
(Zone 12)
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Table A.7: Case 2 welfare change with a 5-percentage point increase in oxygen saturation above actual
saturation, 1991 -2018.

Zone
Total change in Total change in Total change in Average annual change in

CSa (CAN$) Profitb (CAN$) Welfarec (CAN$) Welfared (CAN$)

Esquiman 7,733,402 - 1,095,625 6,637,777 237,063
(Zone 8)
Anticosti 38,279,557 -5,196,416 33,083,140 1,181,540
(Zone 9)
Sept-̂iles 84,707,569 -8,020,992 76,686,576 2,738,806
(Zone 10)
Estuary 90,110 -26,973 63,137 2,255
(Zone 12)
All Zones 130,810,639 -14,340,007 116,470,631 4,159,665

a Total change in consumer surplus (CS) in Canadian dollars (CAN$) is estimated as a present value from
1991 - 2018 using a 5% discount rate.
b Total change in profits or producer surplus (PS) in Canadian dollars (CAN$) is estimated as a present
value from 1991 - 2018 using a 5% discount rate. Total revenues are calculated using demand elasticity of
-0.5.
c Total change in welfare in Canadian dollars (CAN$) is estimated as the sum of present value profits and
consumer surplus from 1991 - 2018.
d Annual average change in consumer surplus (CS) is the present value total, averaged over 28 years (1991
-2018).

Table A.8: Change in profits from 1991 - 2018 when oxygen saturation is increased by 5-percentage points
above mean saturation in each zone over the same period, assuming firms are price takers.

Zone Total discounted profits (CAN$)

Esquiman Actual 51,605,174
(Zone 8) 5%-point increase 48,532,704

difference -6%
Anticosti Actual 57,219,639
(Zone 9) 5%-point increase 59,015,663

difference 3%
Sept-̂iles Actual 63,418,217
(Zone 10) 5%-point increase 65,456,529

difference 3%
Estuary Actual 5,174,620
(Zone 12) 5%-point increase 6,008,202

difference 16%
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Table A.9: Change in profits from 1991 - 2018 when oxygen saturation is increased by 5-percentage points
above actual saturation in each zone over the same period, assuming firms are price takers.

Zone Total discounted profits (CAN$)

Esquiman Actual 51,605,174
(Zone 8) 5%-point increase 48,413,337

difference -6%
Anticosti Actual 57,219,639
(Zone 9) 5%-point increase 57,715,422

difference 1%
Sept-̂iles Actual 63,418,217
(Zone 10) 5%-point increase 64,763,017

difference 2%
Estuary Actual 5,174,620
(Zone 12) 5%-point increase 6,004,039

difference 16%
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Table B.1: Parameter estimations for SAV and nutrients

Model 1 Model 2
(Intercept) 1.89∗∗ 1.50∗∗

(0.63) (0.53)
logSt−1 0.18 0.21

(0.19) (0.19)
Nt−1 −0.28∗∗

(0.09)
Pt−1 2.75∗

(1.31)
TSSt−1 −0.06∗∗ −0.05∗

(0.02) (0.02)
NPt−1 −0.01∗∗∗

(0.00)
R2 0.85 0.84
Adj. R2 0.81 0.81
Num. obs. 27 27
∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05

140



(a) 1% reduction in N:P ratio (b) 2% reduction in N:P ratio

(c) 3% reduction in N:P ratio (d) 4% reduction in N:P ratio

(e) 15% reduction in N:P ratio (f) 20% reduction in N:P ratio

Figure B.1: Comparison of actual Yellow Perch stock against stock under different policy simulations.
Note: The figures depict total stock under the baseline scenario using actual N:P ratio versus stock with
under various counterfactual policy scenarios.
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Appendix C

Chapter 3
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C.1 Model assumptions

C.1.1 Chow tests

Chow tests for for equality of coefficients across zones for equations 3.12 and 3.13.

Equation 3.12

H0: ( 1) αzone12A
1 − αzone12B

1 = 0

( 2) αzone12A
1 − αzone13

1 = 0

( 3) αzone12A
1 − αzone14

1 = 0

( 4) αzone12A
1 − αzone15

1 = 0

( 5) αzone12A
1 − αzone16

1 = 0

( 6) αzone12A
1 − αzone12A

1 = 0

H1: At least one group has different slope pa-

rameters

F( 6, 33) = 0.80

Prob > F = 0.58

Result: Fail to reject null that coefficient on sat-

uration is equal across zones

Equation 3.13

H0: ( 1) βzone12A
2 − βzone12B

2 = 0

( 2) βzone12A
2 − βzone13

2 = 0

( 3) βzone12A
2 − βzone14

2 = 0

( 4) βzone12A
2 − βzone15

2 = 0

( 5) βzone12A
2 − βzone16

2 = 0

( 6) βzone12A
2 − βzone12A

2 = 0

H1: At least one group has different slope pa-

rameters

F( 6, 31) = 0.98

Prob > F = 0.4552

Result: Fail to reject null that coefficient on sat-

uration is equal across zones

C.1.2 Autocorrelation

Durbin-Watson test

Durbin-Watson test for autocorrelation for equation 3.12 and equation3.13.

Equation 3.12

H0: no first order autocorrelation

H1: positive or negative autocorrelation

Critical region: 1.284 < d < 1.567 Result: d > 1.567 for each zone. Reject the null of zero

autocorrelation. Assume error term is AR(1) distributed.
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Equation 3.13

H0: no first order autocorrelation

H1: positive or negative autocorrelation

Critical region: 1.284 < d < 1.567 Result: d < 1.567 for each zone. Fail to reject null hypothesis.

C.1.3 Heteroscedasticity

Bruesh-Pagan test

Bruesh-Pagan test for equation 3.12 and 3.13.

Equation 3.12

H0: Constant variance (homoscedastic error)

H1: No constant variance (Heteroscedasticity is

present)

Result: Fail to reject null hypothesis.

Equation 3.13

H0: Constant variance (homoscedastic error)

H1: No constant variance (Heteroscedasticity is

present)

Result: Fail to reject null hypothesis.
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