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Abstract 

 

It is well known that hypoxia undermines the ecosystem functions of estuarine and marine 
environments. However, understanding the economic effects of hypoxia is critical to evaluating 
consequences for marine resources and fisheries.  The Neuse River estuary, with increasing 
levels of anthropogenic nutrient loading from waste water treatment plants and confined animal 
feeding operations, has historically experienced periods of severe hypoxia.  This estuarine 
ecosystem also provides essential nursery habitat for North Carolina’s most important 
commercial shrimp species, the brown shrimp (Farfantepenaeus aztecus).  Previous research has 
shown a causal relationship between severe levels of hypoxia and increased mortality and 
avoidance behavior among fish and crustacean species.  Furthermore, moderate levels of hypoxia 
have been associated with reduced metabolism and growth rates in brown shrimp.  This research 
estimates the economic effect of hypoxia induced habitat degradation on the North Carolina 
brown shrimp fishery through econometric modeling of supply and demand.  Based on this 
analysis, the demand for NC brown shrimp appears perfectly elastic and determined mostly by 
the world market, and that the supply is inelastic, determined by environmental factors.  
Furthermore, a hypothetical 30% reduction in hypoxic days would increase producer surplus by 
almost $2.5 million annually.  This suggests that in this overcapitalized fishery, reductions in 
hypoxia could be a valuable mechanism to increase rents to fishers, assuming further entry is 
prohibited.  These results also highlight the need for a continued focus on whole ecosystem 
based management regarding North Carolina fisheries, and greater alignment of land use policy 
and fishery habitat conservation goals in the Neuse River estuary.  
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1. Introduction 

 
Land use changes associated with population growth and agricultural production have 

caused increased nutrient loading in many US waterways.   It is well understood that this 

anthropogenic eutrophication can significantly alter the ecosystem structure and function of the 

estuarine and coastal environments downstream (Rabalais, Turner et al. 1996).  One of the major 

environmental outcomes from excess nutrient loading, especially the influx of nitrates, is 

hypoxia (Hagy, Boynton et al. 2004).  Hypoxia, which is often defined in aquatic systems as 

dissolved oxygen levels falling below 2mg/l, is caused by the decay of excess primary 

productivity organisms, whose growth was stimulated by high nutrient concentrations.  It is 

estimated that over half of the estuaries in the US are affected by periods of hypoxia that are 

exacerbated by increased nutrient flow.  This is of concern especially in estuarine systems since 

the oxygen depleted water at the bottom cannot be replenished by atmospheric oxygen due to the 

stratification of fresh and saltwater.  It has been shown that periods of hypoxia can impact 

benthic community structure and function, alter the energy flow within estuarine systems, and 

impact the behavior and abundance of marine species (Diaz and Rosenberg 1995; Wu 2002).  

The most well known case of hypoxia induced habitat degradation is in the Gulf of Mexico.  The 

“dead zone”, devoid of marine life, spans a 7,900-square-mile area due to the high 

concentrations of nutrients being delivered by the Mississippi river (CNN 2007).    

The question that remains to be answered is – Are the effects of hypoxia on these 

ecosystems and their surrounding communities big enough to warrant public policy that further 

limits nutrient loading?   One way to answer this is to quantify the economic value of ecosystem 

services that are crippled as a result of hypoxia induced habitat degradation.   By linking the 
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environmental change of hypoxia to the productivity of a particular ecosystem service captured 

in the market, we can begin to examine the economic effects of hypoxia.         

Towards this end, this research focuses on the economic effects of hypoxia on the North 

Carolina brown shrimp fishery.  The Neuse River in North Carolina, a major tributary to the 

second largest estuary in the US and essential habitat for North Carolina’s major commercial 

shrimp species, the brown shrimp (Farfantepenaeus aztecus), has historically experienced 

periods of high hypoxia.   An increase in anthropogenic sources of organic matter along the river 

basin has lead to pronounced hypoxic conditions in the Neuse River estuary (Paerl, Pinckney et 

al. 1998).  This is of particular concern for the commercial shrimp industry in North Carolina 

since severe levels of hypoxia have been shown to increase mortality and avoidance behavior 

among fish and crustacean species (Joyce 2000).  Research has also linked even moderate levels 

of hypoxia with a negative effect on brown shrimp growth rates (Gray, Wu et al. 2002).  

Furthermore, one study recently concluded that although brown shrimp in the Gulf of Mexico 

did exhibit some avoidance behavior from areas of very low dissolved oxygen, high densities of 

the species remained in areas of moderately low dissolved oxygen (Craig and Crowder 2005).   

It is believed that brown shrimp in North Carolina experience similar negative metabolic 

and behavioral changes resulting from environmental hypoxia as indicated in the previous 

studies.  Research is currently being conducted to assess the impact of variation in the severity of 

hypoxia on brown shrimp abundance and size distribution in the Neuse River estuarine system, 

and to further develop a bioeconomical model to associate hypoxia impacts on brown shrimp 

production with economic outcomes within the fishery.    

This study aims to support the aforementioned research by developing econometric 

demand and supply models for different size classes of North Carolina brown shrimp, identifying 
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the magnitude of the effect of hypoxia on brown shrimp supply, and then estimating the potential 

welfare changes to the local shrimp industry associated with hypoxia.   This research will test the 

hypothesis that North Carolina shrimpers do not face a perfectly elastic demand curve for all size 

classes of shrimp they harvest, and furthermore that the larger shrimp are relatively less price 

elastic than smaller shrimp.   Secondly, it is hypothesized that hypoxia will have a negative effect 

on the brown shrimp supply function due to its potential negative effects on abundance, 

metabolism and growth rate.   If this is the case, the combination of a downward sloping demand 

curve and price premiums in the large shrimp market would result in greater economic welfare 

losses from hypoxia than those in the small shrimp market.  Finally, this study will calculate the 

potential gains to the industry that would result from a hypothetical reduction in hypoxia levels.  

 

2. Background and Literature Review 

2.1 The �orth Carolina Shrimp Fishery 

 

 Despite growing global concerns about overfishing, by-catch and destructive aquaculture 

practices associated with commercial shrimp production, the United States has emerged as 

having some of the most stringent regulations for its wild-caught shrimp industry.   Regulation 

requires the use of fin-fish by-catch reduction devices (BRDs) and turtle exclusion devices 

(TEDs) as well as setting standards for the conservation of essential habitat for the fishery.  

Through improved regulatory mechanisms the US shrimping industry is striving to enhance and 

promote the fishing practices that are essential for the industry’s future economic and ecological 

sustainability in the eight states that make up the majority of the US market: Louisiana, Texas, 

Florida, Alabama, Mississippi, North Carolina, Georgia, and South Carolina. 
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The North Carolina commercial wild-caught shrimp fishery consists of three major 

species, pink (Farfantepenaeus duorarum), white (Litopenaeus setiferus), and brown 

(Farfantepenaeus aztecus) (Holthuis 1980), that together make up one of the most economically 

important fisheries in the state.  In 2006, 5,736,305 pounds of shrimp (head on) at a value of 

$9,141,172 were landed in North Carolina.  The total value of landings for the shrimp fishery is 

currently second only to the blue crab fishery, although the per-pound value exceeds that of the 

blue crab fishery.  The “annual impact of shrimp on the North Carolina economy” for the years 

of 2000 to 2003 is approximately $18.9 to $42.5 million (NCDMF 2006).  Of the three, brown 

shrimp are the most abundant off the coast of North Carolina, accounting for approximately 66% 

of the state’s total shrimp landings (NCDMFa 2007).   Moreover, a recent survey conducted by 

the North Carolina Division of Marine Fisheries asked 182 shrimp fishers to rate how historically 

important they think commercial fishing is to their community.  On a scale of one to ten, with 

one being not important at all and ten being extremely important, the average rating across all 

interviewees was 9.6 (NCDMF 2006).  

The Magnuson-Stevens Fishery Conservation and Management Act designates the South 

Atlantic Fishery Management Council (SAFMC) with the regulatory responsibility for fish 

stocks, including all three Penaeid species, within the exclusive economic zone (EEZ) along the 

coasts of North Carolina, South Carolina, Georgia, and East Florida.  The first SAFMC Fishery 

Management Plan (FMP) for shrimp was developed in 1993.  Initially, the FMP only covered the 

white shrimp species and gave states the ability to request a fishery closure of the EEZ waters 

adjacent to state waters after severe cold weather to prevent further mortality in the white shrimp 

population that is susceptible to cold kills.  It also limited the trawl net size to 4 inch mesh in a 

buffer zone extending 25 nautical miles off shore during such a closure.   The FMP did not 
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include brown and pink shrimp until 1996 at which point it defined the maximum sustainable 

yield (MSY) for brown shrimp as the mean total landings for the region, 9.2 million pounds.  

This amendment in 1996 also included a definition of optimal yield and overfishing for brown 

shrimp as well as requirements for the use of bycatch reduction devices (BRD).  Optimal yield 

was defined as “the amount of harvest that can be taken by U.S. fishermen without annual 

landings falling two standard deviations below mean landings 1957-1993 [2,946,157 pounds 

heads on] for three consecutive years” and overfishing was determined to be any fishing level 

that prevented this criterion from being met.  Another amendment in 1998 included the 

designation of essential fish habitat (EFH) for all Penaeid shrimp as well as Essential Fish 

Habitat-Habitat Areas of Particular Concern (EFH-HAPC). (SAFMCb 2008) 

However, since the majority of the fishery occurs within the three-mile off-shore 

boundary of state jurisdiction, and not within the federally managed EEZ, the most influential 

management system for the North Carolina brown shrimp fishery is the state’s Division of 

Marine Fisheries (DMF), under the NC Department of Environmental and Natural Resources 

(DENR).   The DMF developed a state FMP for shrimp in April of 2006, the goal of which is to 

help managers of the shrimp fishery “utilize a management strategy that provides adequate 

resource protection, optimizes the long-term commercial harvest, maximizes social and 

economic value, provides sufficient opportunity for recreational shrimpers, and considers the 

needs of all user groups”.  The FMP indicates six core objectives necessary for the successful 

attainment of its goal (NCDMF 2006):  

1. Minimize waste and enhance economic value of the shrimp resource by promoting more 
            effective harvesting practices. 

2. Minimize harvest of non-target species of finfish and crustaceans and protected, 
            threatened, and endangered species. 

3. Promote the protection, restoration, and enhancement of habitats and environmental 
            quality necessary for enhancing the shrimp resource. 
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4. Maintain a clear distinction between conservation goals and allocation issues. 
5. Reduce conflicts among and within user groups, including non-shrimping user groups 

            and activities. 
6. Encourage research and education to improve the understanding and management of 

the shrimp resource. 

In recent years the increased amount of shrimp traded internationally has become a major 

threat to the North Carolina wild-caught shrimp fishery and the US shrimp industry as a whole.  

The Food and Agriculture Organization of the United Nations (FAO) reports that in 2004 shrimp 

accounted for 16.5% of the total value of internationally traded fishery products, more than any 

other major group of traded species.  This increased supply, the majority of which has been due 

to substantial expansion in shrimp aquaculture practices, has clearly affected the price of shrimp.  

In 1995, the unit value for internationally traded shrimp was $6.9/kg.  Global aquaculture 

production of shrimp increased rapidly over the next decade, with annual growth of 15% 

between 1997 and 2004 for a total of 165%.  By 2004 farmed shrimp made up 41% of total 

shrimp production.  With this influx of farmed shrimp to the market the unit value dropped to 

$4.1/kg in 2004. (FAO 2007) 

The dropping prices alarmed the shrimp industry in the United States, the largest market 

for shrimp with imports reaching 530,000 tons in 2005 (FAO 2007).   Importers were able to sell 

their product to dealers in the US at much lower prices than the local shrimp industry could 

charge.  This cost reduction was carried through to the consumers and imported shrimp became 

increasingly available for a much cheaper price than local shrimp, thereby driving down the 

prices for local shrimp.  The effects of this price change on the US wild caught shrimp industry 

has been exacerbated by rising costs of fuel.  Diesel prices rose from less than $1 per gallon in 

2000 to almost $3 per gallon in 2006 (LaFleur, Yeates et al. 2005).   
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In response to the influx of cheap imported shrimp, members of the US shrimp industry, 

represented by the Southern Shrimp Alliance, urged the US International Trade Commission 

(ITC) in 2004 to investigate whether the main countries of origin for the imported shrimp were 

“dumping” their products in the US market.  “Dumping” occurs when an exporting country sells 

its products in the US at prices that are lower than those in the producers’ domestic market or at 

prices that are lower than the cost of production (USITC 2008).   In January 2005 the ITC found 

six countries - Brazil, China, Ecuador, India, Thailand and Viet Nam - guilty of utilizing 

“dumping” practices and passed a series of “anti-dumping” orders that would ban these countries 

from importing shrimp below the market price through the use of import duties (USITC 2005).  

Import duties, some as high as 112%, for imported shrimp were imposed on these six countries, 

which together accounted for 75% of the shrimp being imported into the US  (Becker 2004).  

2.2 The Brown Shrimp Life History  

 

Brown shrimp are found along the Atlantic coast of the US from Massachusetts to Texas 

as well as parts of Mexico and utilize multiple habitat types over the course of their life history.  

The SAFMC has designated nine different essential fish habitats1 in its shrimp fishery 

management plan (FMP): tidal freshwater, estuarine and marine emergent wetlands, tidal 

palustrine forested area, estuarine scrub/shrub, estuarine and marine submerged aquatic 

vegetation, sub-tidal and intertidal non-vegetated flats, offshore marine habitats, all 

interconnecting water bodies (as described in the FMP), and the gulf stream (SAFMCa 2008).  

This wide range of habitats clearly highlights the value of ecosystem based management for this 

commercially and ecologically important species.  

                                                 
1 Essential fish habitats are defined as “waters and substrate necessary to fish for spawning, breeding, feeding or 
growth to maturity." -- Magnuson-Stevens Act §3(10) 
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 Brown shrimp reach reproductive maturity at approximately 4-6 months of age at which 

point they are approximately 5 inches in length.  They can live up to 18 months and reach 7 

inches in length but the majority does not live past one year.    Spawning occurs offshore in 

deeper waters during the winter.  Approximately 500,000 to 1,000,000 eggs can be produced by 

each adult female.   After fertilization and multiple larval stages, which can last between 11 and 

17 days, the postlarval shrimp are carried by the tide into the shallow waters of estuaries between 

February and April.  There they move into nurseries in river beds, marshes and tidal inlets to 

feed and will grow rapidly, 0.02 to 0.1 inches per day, under favorable conditions.  The young 

shrimp are omnivorous and will feed on algae, organic debris, and a number of smaller 

invertebrates.   When they reach the juvenile stage they begin to move back out towards higher 

salinity, deeper waters of sounds and eventually return to the open ocean during the late summer 

and fall, primarily migrating at night. Young shrimp are preyed upon mainly by sheepshead 

minnows, grass shrimp, insect larvae, and blue crabs.  As larger juveniles and adults they are 

targeted by a variety of finfish. (NMFSb 2008) 

2.3 The Effects of Hypoxia on Penaeid Shrimp 

  
Environmental hypoxia has been shown to induce both behavioral and physiological 

changes in many aquatic species.  One paper identified four main types of behavioral response to 

reduced availability of dissolved oxygen in fish: (1) changes in activity, (2) increased use of air 

breathing, (3) increased use of aquatic surface respiration, and (4) vertical or horizontal habitat 

changes (Kramer 1987).  It noted that because oxygen is a required resource fish will utilize 

various combinations of these behavioral responses to optimize their oxygen consumption.   

The results from one study, which was conducted under conditions that mimicked the 

typical environment in the lower Neuse River estuary during summer months, suggest that brown 
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shrimp have an avoidance threshold of l mg/l dissolved oxygen (Wannamaker and Rice 2000).  

Furthermore, a recent study concluded that although brown shrimp do exhibit avoidance 

behavior in response to severe levels of hypoxia, they are still found in high densities in areas of 

“moderately low dissolved oxygen” (1.6 to 3.7 mg/l) near the hypoxic edge which typically has 

cooler temperatures.  These results suggest that the behavioral changes and resulting shifts in 

spatial distribution could have energetic consequences, alter the trophic relationships of the 

brown shrimp, and affect commercial harvest (Craig and Crowder 2005). 

The most common physiological changes that have been observed in shrimp exposed to 

low levels of dissolved oxygen occur in their growth rate and metabolic processes.  Research has 

shown that although the survival rate of juvenile white shrimp was not significantly impacted, 

their growth rate decreased when exposed to dissolved oxygen levels below 4 mg/1.  

Furthermore they discovered that the shrimps’ routine metabolism was affected by dissolved 

oxygen levels, with the highest rates observed in shrimp exposed to 4 and 5.8 mg/1 dissolved 

oxygen and the lowest at 2 mg/l.   They also noted that more time was invested in the mechanical 

and biochemical assimilation of food at these lower levels of dissolved oxygen. (Rosas, Martinez 

et al. 1998)    Another study identified a negative effect of severe hypoxia (1mg/l dissolved 

oxygen) on the immune response of Penaeus stylirostris shrimp, further noting that the mortality 

of the hypoxia stressed shrimp significantly increased when experimentally injected with a 

virulent (Moullac, Soyez et al. 1998).  

2.4 Hypoxia in the �euse River Basin 

Hypoxia occurs naturally to some extent in estuaries due to the flushing of oxygen 

depleted marsh water and the characteristic stratification at the convergence of fresh and salt 

water.  However, hypoxia levels in coastal areas across the US have been rising in intensity and 
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range due to the increased amounts of nutrient runoff from anthropogenic sources (Breitburg 

2002).  The surplus nutrients enhance the production of primary productivity organisms and it is 

the decomposition of these blooms that consequently depletes the lower water column of oxygen 

after the dead organisms sink to the bottom.  The severity of hypoxic zones is often heightened 

during warmer summer months since warmer water holds less oxygen and there is generally less 

freshwater entering the system to create aeration.   The Neuse River estuary has been no 

exception.  The most recent National Estuary Program Coastal Condition Report by the EPA 

gave the Albemarle-Pamlico Estuarine Complex, which drains approximately 30,000 square 

miles of watershed, a “good” rating overall for its water quality index based on five indices: 

dissolved nitrogen, dissolved phosphorous, chlorophyll-a, water clarity, and dissolved oxygen.  

However, 4% of the area was rated “poor” and 35% was “fair”, with all the “poor” areas and a 

large portion of the “fair” areas occurring in the Neuse River estuary.  When considering only 

the dissolved oxygen component, the percent of designated “poor” areas in the estuarine complex 

rises to eight (USEPA 2007).    

 Furthermore, the North Carolina Division of Water Quality recently reported that 

31,767.3 acres, approximately 8.2 percent, of estuarine waters classified under Aquatic 

Life/Secondary Recreation Use Support were impaired between 1995 and 2000.   Also, 278.6 

miles of stream waters in the Neuse River basin were impaired and designated nutrient sensitive 

waters (NSW).  NSW are defined as areas with water quality problems associated with excessive 

plant growth resulting from nutrient enrichment (NCDWQ 2002).  The occurrence and size of 

hypoxic zones vary throughout the year but estimates suggest that hypoxia induced habitat 

degradation can commonly affect 20-40% of the estuarine bottom during summer months (Eby 

and Crowder 2002). 
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Due to the increasing occurrence of hypoxic conditions, the US Environmental Protection 

Agency (EPA) mandated in 1999 that the nitrogen load to the Neuse River estuary be reduced by 

30 percent by 2003.  A total maximum daily load mechanism (TMDL) was developed to manage 

nitrogen specifically since it was determined to have the greatest potential to curb excessive 

chlorophyll-a growth in the estuary.  The goal of the TMDL regulation was to have less than or 

equal to 10% of the samples collected in a specified area and time above the chlorophyll-a 

standard of 40 ug/l, otherwise known as the 10/40 rule.  Modeling estimated that a 30 percent 

reduction would be adequate to meet this target (NCDWQ 2001).   

The responsibility to meet this goal fell only on the point-source dischargers - those 

facilities that have a permit to release treated wastewater into the Neuse.  However, the nitrogen 

released from point-sources accounts for only a fraction of the total nitrogen load.  In 1995, 

point-source dischargers accounted for only 13-24 percent of the total nitrogen load into the 

Neuse River estuary.   Although North Carolina was successful in meeting the 2003 mandate, the 

majority of the nutrient loading continues to come from non-point-sources such as agriculture 

(LNBA 2008).    

 

3. Data and Methods 

3.1 Data 

Daily price and quantity data for ex-vessel (head-on) North Carolina brown shrimp 

landings between January 1999 and December 2005 were obtained from the North Carolina 

Division of Marine Fisheries (NCDMF).  The data provide the price in dollars per pound and 

quantities in pounds for thirteen different sizes of shrimp that correspond to the number of 

shrimp that make up one pound: 0/15, 16/20, 21/25, 26/30, 31/35, 36/40, 41/45, 46/50, 51/55, 



12 
 

56/60, 60/70, 70/80, and 80+.  For example, 0/15 is the size for which 1 to 15 shrimp weigh one 

pound.  From these data, two data sets were created that were aggregated by both month and 

size.     

The first data set aggregates the price and quantities (total landings) of brown shrimp by 

month for all sizes, p_all and q_all respectively, giving the average price and total pounds landed 

in each month.  The second data set aggregates the price and quantities by month and by three 

different size classifications, “large”, “medium”, and “small”.  The “large” group is comprised of 

shrimp that were originally classified as 0/15-21/25 and gives the weighted mean price, p_lg, and 

total pounds, q_lg landed in each month.  The “medium” group is comprised of shrimp that were 

originally classified as 26/30-46/50 and gives the weighted mean price, p_md, and total pounds, 

q_md, landed in each month.  The “small” group is comprised of shrimp that were originally 

classified as 51/55-70/80 and gives the weighted mean price, p_sm, and total pounds, q_sm, 

landed in each month. These aggregations into large, medium and small sizes roughly 

correspond with the common marketing classifications of colossal-extra large, large-medium, 

and small-extra small used in retail (KGT 2004) although there are no officially recognized 

standards for which sizes fall under these categories.  

 Data on the price of imported shrimp for each month between January 1999 and 

December 2005 were obtained from the US International Trade Commission (USITC).  A query 

to the USITC dataweb system provided the current (landed-duty-paid value)/(first unit of 

quantity) for “shrimps and prawns, frozen” (SITC-03611) from all countries in dollars per 

kilogram by month (USITCa 2008).  This value was then converted to dollars per pound and 

adjusted to real 2007 dollars using the 2007 consumer price index (CPI) for all commodities.   
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 US per capita personal income data were obtained from the Bureau of Economic 

Analysis (BEA) website (BEA 2008).  These data were provided in chained 2000 dollars 

(seasonally adjusted at annual rates) and were then adjusted to real 2007 dollars, again using the 

2007 CPI for all commodities.  

 The producer price index for all commodities, PPI (not seasonally adjusted; base year 

1982=100), consumer price index for meat poultry and fish, CPIMPF (U.S. city average; not 

seasonally adjusted; base year 1982-1984=100), and consumer price index for all commodities, 

CPIALL (U.S. city average; not seasonally adjusted; base year 1982-1984=100), were obtained 

for each month from the US Department of Labor’s Bureau of Labor Statistics (BLS) website 

(BLS 2008).   All index values were then converted to base year = 2007.  The CPIMPF was 

divided by the CPIALL for each month in order for the variable to reflect how consumer prices 

of meat, poultry, and fish were changing relative to overall inflation.   

 Monthly data on total pounds and total current values of brown shrimp landings for the 

whole of the US were obtained from the National Marine Fisheries Service (NMFS) website 

(NMFSa 2008).  Total dollars were divided by total pounds to get a dollar per pound value for 

each month and this value was adjusted to 2007 real dollars.  

 The water quality data was obtained from the U.S. Geological Survey’s National Water 

Information System (USGS 2008).  The data was collected from USGS station #0209262905: 

Neuse River at channel LT 11 near Flanner Beach, NC.  Daily measurements of mean dissolved 

oxygen (mg/l) from the bottom of the water column (mean sampling depth = 9.58 feet) were 

obtained.  For each day a sliding backwards looking count method was used to calculate the 

number of days in the previous 90 days for which the mean dissolved oxygen level was less than 

2mg/l, a standard measure for hypoxia.  These numbers were then aggregated monthly.  Daily 
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means for percent-saturation of dissolved oxygen, temperature and pH were obtained from both 

the bottom and the top (mean sampling depth = 2.70 feet) of the water column.  The two mean 

daily values (top and bottom) were then averaged for each of these variables to give daily mean 

percent oxygen saturation, temperature and pH measures for the entire water column.  These data 

were then also aggregated monthly.  

 Data on daily maximum wave height, WVHT, was obtained from the State Climate 

Office of North Carolina.  The data are from two moored buoys operated by NOAA’s National 

Data Buoy Center, DSLN7 and 41025.  Buoy DSLN7 was in operation until March 27, 2003 at 

which time it was replaced with buoy 41025.  Therefore, the daily maximum wave height data 

for January 1, 1999 – March 27, 2003 are from buoy DSLN7 and the data from March 28, 2003 

– December 31, 2005 are from buoy 41025.  In order to fill in missing data from these two 

buoys, data was also obtained from buoy CHLV2.  The daily observations from DSLN7 and 

41025 were regressed on the daily observations from CHLV2 which yielded the following 

results with robust standard errors in brackets: 

DSLN7 = 1.112189(CHLV2) + 0.913913 
                                                                [0.0499038]                           [0.1913137] 

The coefficient on buoy CHLV2 (significant at 1%) was then used to convert the daily CHLV2 

data that corresponded with missing data from the other two buoys.  The number of days for 

which the maximum daily wave height was greater than 5 feet was counted and summed for each 

month.  A threshold of 5 feet was chosen since it is the lower threshold of the wave height 

criteria for issuing small craft advisories in the Eastern U.S. (NOAA-NWS 2008).  Also, daily 

average air temperature (airtemp) and wind speed (WSPD) measurements were obtained from 

station KHSE and aggregated to monthly means. 
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 Variables for month and month-squared, month2, were also generated.  Month is the 

number corresponding to each month in the data set, with values 1-12.  Month-squared is simply 

the month variable squared, with values 1, 4, 9…144.  The month-squared variable was 

generated in order to capture the non-linear nature of shrimp growth, which is commonly 

expressed by the exponential Von Bertalanffy growth function: �� = ���1 − �	
��	���.   

TABLE 1. Variable List 

Variable #ame Definition Units Source 

Jointly determined, endogenous, variables: 

Price (P) price of NC brown shrimp landings, monthly mean $/pound NCDMF 

Quantity (Q) 
total quantity of NC brown shrimp landings, by 

month 
Pounds NCDMF 

Predetermined, exogenous, variables: 

Imports price of shrimp imported to the US, monthly mean $/pound USITC 

Income Per capita US income, by month $ BLS 

PPI 
Producer Price Index for all commodities, by 

month 
NA BLS 

US Landings 
price of all US brown shrimp landings, monthly 

mean 
$/pound NMFS 

CPIMPF/CPIALL 
Ratio of consumer price index for meat, poultry, 

and fish to consumer price index for all 
commodities, by month 

NA BLS 

Hypoxia 
number of days in the last 90 where water 

contained  
< 2mg/L oxygen, monthly mean  

Number of days USGS 

O2 Sat 
Percent oxygen saturation in Nuese River estuary, 

monthly mean 
percent USGS 

Water Temp Water temperature, monthly mean Degrees Celsius USGS 

Salinity Water salinity, monthly mean ppt USGS 

pH Water pH, monthly mean pH USGS 

WVHT 
number of days with maximum wave height > 5 

feet, monthly mean    
Number of days NOAA 

Airtemp Air temperature, monthly mean Degrees Celsius NOAA 

WSPD Wind speed, monthly mean MPH NOAA 

Month Month, i = 1, 2...12 NA NA 

Month2 Month squared, i = 1, 4,…144  NA NA 

 
Note: All price variables are adjusted to 2007 US dollars.  NA denotes “not applicable”. 
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3.2 Formulation of the model: General Discussion 

 
The goal is to econometrically estimate the market for only brown shrimp produced in 

North Carolina.  Therefore a complete model will include the both the demand and supply 

equations for the resource.  In regards to the demand equation, since price elasticities contain 

income as well as substitution effects for related goods, the exogenous variables must include 

both of these.  In this case, exogenous variables include: US per capita income, the prices of 

imported shrimp, the prices of other US brown shrimp landings, and the consumer price index 

for meats, poultry and fish.   The prices of imports are assumed to be exogenous, although it is 

clear that the supply system for imports is complex and can be influenced by various macro-

economic factors such as the European shrimp market and the relative changes in currency 

values.  

In regards to the supply equation, measures of appropriate variables influencing supply 

should be included.  These include environmental factors and in this estimation procedure we use 

hypoxia, percent dissolved oxygen, water temperature, water salinity, and water pH.  Some 

might suggest that a variable corresponding to fishing effort should be included.  However, 

previous research has concluded that observed annual fluctuations in shrimp landings reflect the 

size of the annual shrimp stock rather than fishing effort (Gracia 1991).  Nevertheless, wave 

height, as measured by the number of days in each month where maximum wave height 

exceeded the lower threshold for small craft advisories, 5 feet, is used as a proxy for fishing 

effort in the supply model.  Air temperature and wind speed are also considered potential supply 

shifting variables for this estimation.    

Furthermore, this model seeks to expand upon previous models of shrimp supply that 

have treated the quantity of landings as exogenous to the market due to the biological 
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determinants of variability (Doll 1972).  Given the recent research indicating the physiological 

and behavioral impacts of hypoxia on shrimp in the Gulf Coast, this model treats quantity of 

landings as endogenous and predicts that it is partially explained by levels of hypoxia in the 

Nuese River estuary.  Additionally, it is believed that the effects of hypoxia on the estimation of 

shrimp supply will be highlighted by the use of this supply-demand model due to the fact that 

shrimp are an annual resource and there is a weak stock recruitment relationship for shrimp.    

 If in fact there are growth or mortality effects of hypoxia on North Carolina brown 

shrimp, these effects will translate into shifts in the supply of shrimp.  The question that needs to 

be answered is: What are the economic consequences of such shifts?  Our working hypothesis is 

that greater levels of hypoxia (lower dissolved oxygen) will shift the supply curve of shrimp 

inward (Figure 1A).  In so doing, this will have welfare effects potentially on both sides of the 

market. That is, there could be both consumer and producer surplus changes resulting from 

hypoxia induced shifts in NC shrimp supply. 

 In order for consumer surplus changes to emerge, the demand for NC shrimp must be 

downward sloping.  In the supply and demand system, if the price of shrimp is exogenous, i.e. 

quantity landed in NC does not affect the price of shrimp in NC, then the demand curve is flat, 

i.e. perfectly elastic, and there are no consumer surplus changes (Figure 1B).  
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Figure 1A.  A Multi-Market Analysis
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Figure 1B.  A Multi-Market Analysis
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Figures printed with permission of Dr. Martin Smith 



19 
 

3.3 Estimation Methods 

Estimating the supply and demand equations for a resource requires a simultaneous 

equation model consisting of one behavioral equation for the supply and one for the demand.  

Simultaneous equation modeling is necessary because the price and the quantity for each 

equation are most often jointly determined and are therefore both endogenous variables.  This 

means that price is an explanatory variable for both the quantity of supply and demand but also 

that the quantities will influence price.  The other explanatory variables in the supply and 

demand structural equations are exogenous, since they are not determined by this model.  

Consider the following equations for a basic supply and demand model: 

�� = �� + ��� + ��� + �                                                      (1) 

�� = �� + ��� + ��� + �                                                        (2) 

�� = ��                                                                  (3) 

Where qd  is the quantity of shrimp demanded, qs is the supply of shrimp, p is the price, x 

represents the exogenous explanatory variables that describe qd, and z represents the exogenous 

explanatory variables that describe qs.  Equation (1) is the demand function in which the quantity 

demanded is determined by price and x.  The second equation is the supply function in which the 

quantity supplied is determined by the price and z.  Equation (3) is the equilibrium condition that 

determines the price and quantity of shrimp sold when quantity demanded equals quantity 

supplied.  These three basic equations comprise the simultaneous equation system (Ramanathan 

1995).   

 If we set equations (1) and (2) equal to each other and solve for p we get: 

� = ��	��

��	��
− � 

��	��
� + � 

��	��
+ !	"

��	��
                                           (4) 

which can also be written as: 
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� = #� + #�� + #�� + $�                                                    (5) 

Then by substituting equation (5) into equation (1) we get: 

� = ��� + ��#� + ���#� + ��� + ��#�� + $�                                  (6) 

which can be written as: 

� = %� + %�� + %�� + $�                                                     (7) 

Where $� and $� are the new error terms.   Now both the endogenous variables are specified by 

only the exogenous variables and the error terms.  These reduced form equations allow the model 

to correctly identify the points of intersection (equilibrium points) as demand shifts as a function 

of p and x and supply shifts as a function of p and z.    

In the shrimp case, there are multiple supply and demand shifters such that the structural 

coefficients will not be uniquely identified from the reduced form.  In general, by not treating the 

two structural equations in a simultaneous equation model, but rather as a single equation model, 

and estimating using ordinary least squares (OLS) we would obtain biased coefficient estimates 

and the hypothesis testing will be invalid.  This is because the endogenous variables are 

correlated with the error terms.  In order to correct for this and remove the correlation that would 

cause least square bias in the estimation, we must estimate using the instrumental variable two-

stage-least-squares (2SLS) method.  In the first stage OLS is used to estimate the endogenous 

variable p by regressing it on x and z.  Then in the second stage the predicted value of p can be 

used as the instrumental variable to estimate the original structural equations. Thus both 

endogenous variables can be estimated using only the exogenous, pre-determined variables. 

(Ramanathan 1995)  Months with quantities of landings less than 10,000 pounds were excluded 

from all analyses.  
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4. Results 

4.1 Demand and Supply Estimation: All Sizes 

  
 In order to explore the relationship between price and quantity on the demand side, we 

first ran the demand function with price as the dependent variable for all the shrimp sizes 

aggregated together.  In price-dependent form, quantity of shrimp is potentially endogenous and 

must be instrumented for in the regression.  Here we use supply shifters to instrument for 

quantity in the inverse demand function.  

 In this regression (Table 2), quantity is not significant and has the opposite sign than 

would be expected.  This is suggesting that, at least on the fully aggregated level, North Carolina 

shrimp price is exogenous and therefore it can be included in the supply equation without 

instrumenting for it.  Also, the coefficient on income is not significant.  This is likely due to a 

combination of several features: multicollinearity in the data combined with a small number of 

observations, the coarse nature of the income variable, and the function's inability to control for 

some unobserved seasonality in demand.  The coefficients on both the price of other US shrimp 

landings and price of shrimp imports are both positive and highly significant.  This is to be 

expected given the known positive relationship between prices of substitute products and the 

price of the product you are attempting to explain; an increase in prices of substitute shrimp will 

result in a price increase in the North Carolina shrimp market.  Moreover, the significance of the 

substitute shrimp prices coupled with the insignificance of income suggests that the effect of 

income on North Carolina shrimp price is potentially being transferred through prices in these 

other larger markets.  
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TABLE 2: Two stage least squares estimate of demand for all sizes of North 
Carolina brown shrimp in price dependent form with quantity instrumented by 
supply shifters (n=42, R2=0.7422) 

 

Quantity 
0.0000119 

(0.0000104) 

US per capita income 
0.0137823 

(0.0157605) 

Price of other US shrimp landings 
0.5966373 

(0.1226514) 

Price of shrimp imports 
0.3446925 

(0.1326877) 

CPIMPF/CPIALL 
1.835042 
(3.39226) 

Constant 
-6.652716 
(3.713481) 

 
Notes:  Quantity and income variables have been divided by 100.  Numbers in parentheses are the 
estimated robust standard errors. Bold text indicates that the null hypothesis that the estimate is 
equal to zero can be rejected at the 5% level.  All prices have been adjusted to 2007 US dollars. 

 
 
 In order to test the validity of this estimation method we must also examine whether the 

supply side variables that we have chosen to instrument for quantity are appropriate.  We start by 

using ordinary least squares to regress quantity on all the potential supply shifters that we have 

data for. 

 The results of this regression (Table 3, column 1) show that percent O2 saturation, 

water temperature, salinity, pH, and wind speed are all insignificant explanatory variables for the 

supply of shrimp at the fully aggregated level.  Although some of these parameters have been 

shown in previous research to be important environmental factors to shrimp growth rates, they 

are likely introducing collinearity when included as a group.  For example, with further analysis 

not presented here, it is clear that salinity and water temperature are significantly correlated with 

each other as well as the hypoxia variable and thus their inclusion reduces the power and 

significance of each of their coefficients and that of hypoxia.  Furthermore, the F statistic on this 

regression is quite low which indicates that the selected group of variables does not adequately 
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explain quantity and in turn would not provide a good set of instruments for quantity in the 

demand function.  Therefore, the next regression is run with those variables excluded. 

 The F statistic on this regression (Table 3, column 2) is 12.52, greater than 10, and 

therefore provides confidence that this set of variables, hypoxia, wave height, month and month-

squared, provides a sufficient set of instruments for quantity in the demand equation.  The 

coefficient on hypoxia still is not significant at the 5% level but quite close.  We then test the 

same regression with percent O2 saturation included to see if it enhances the expression of the 

relationship between hypoxia and quantity.  With the inclusion of the percent O2 saturation 

variable (Table 3, column 3), the coefficient on hypoxia becomes significant and we believe this 

set of variables can be used to adequately instrument for quantity. 
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TABLE 3: First stage ordinary least squares estimates of quantity of  
North Carolina brown shrimp, all sizes (n=42 for all but #2 where n=43) 

 

 
(1) 

F=5.93,  
R2=0.587 

(2) 
F=12.52, 

R2=0.5515 

(3) 
F=10.21, 

R2=0.5533 

Hypoxia 
-227.0907 
(124.8103) 

-180.7783  
(90.895)  

-197.24 

(95.63265) 

%O2 

Saturation 
-158.9883 
(155.8464) 

- 
-47.82863 
(84.26359) 

Water 
temperature 

-1080.463 
(926.3993) 

- - 

Water 
salinity 

-162.0164 
(335.8845) 

- - 

Water pH 
4586.329 

(5372.829) 
- - 

Wind speed 
946.0442 
(831.483) 

- - 

Wave height 
-409.7162 

(195.2221) 

-467.489  

(164.5774) 

-424.7923 

(193.8879) 

Air 
temperature 

320.7081 
(238.5292) 

- - 

Month 
40538.73 

(19073.44) 

26937.57 

(7311.322) 

26900.35 

(7533.978) 

Month2 -2521.348 
(1253.11) 

-1649.072 

(446.5152) 

-1643.798 

(563.0156) 

Constant 
-148615 

(63034.66) 

-87389.3  

(25000.29) 

-84318.82 

(26933.8) 
 

Notes:  The quantity variable has been divided by 100.  Numbers in parentheses are the estimated 
robust standard errors; bold text indicates that the null hypothesis that the estimate is equal to zero 
can be rejected at the 5% level. 

  

 Now that the demand side of the fully aggregated shrimp market has been estimated, 

the next step is to estimate the supply of shrimp at the fully aggregated level.  Since the 

estimation for the inverse demand function, in which quantity is instrumented by supply shifter 

variables, indicates that price is exogenous to the system, we believe we can estimate the linear 

supply equation using OLS, without instrumenting for price. 

 When doing so, the coefficients on all supply shifting variables have the expected signs 

and hypoxia is significant at the 5% level (Table 4, column 1).  We then test to see the effect of 
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the time series variables of month and month squared on the supply function by omitting them in 

the next regression. 

 When excluding month and month-squared from the linear supply equation (Table 4, 

column 2), the hypoxia variable is no longer significant and price becomes significant.  This 

clearly suggests that it is necessary to control for the independent biological growth of the 

shrimp by using the quadratic time arguments to proxy for exponential growth of shrimp (the 

von Bertalanffy growth function) combined with the seasonal pattern of harvest.  However, 

including the quadratic arguments undermine the ability to resolve the price coefficient.  It may 

be that supply is fairly inelastic but not perfectly inelastic.  More data would help to resolve this 

issue. 

 Furthermore, the calculation of the peak time of shrimp growth yields an estimate that 

almost exactly matches the peak of supply, measured by pounds landed.  Taking the derivative of 

the equation where x = month:  

αx – βx2 = y 

and setting it to zero yields x = 2,690,035/328,759.6 = 8.18, which corresponds to approximately 

August 6th. 

 Another interesting point to note is that not only is the hypoxia variable insignificant 

when the time series variables are not included to explain the biological growth, but the 

coefficient is much smaller and both the coefficient and t statistic on price almost double in 

magnitude. 
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TABLE 4: Ordinary least squares estimates of supply of North 
Carolina brown shrimp, all sizes, in quantity dependent form (n=42 for all) 

 

 
(1) 

R2=0.5661 
(2) 

R2=0.4164 

Price:  
NC brown shrimp 

1521.503 
(1298.893) 

3008.601 

(1313.252) 

Hypoxia 
-198.4233 

(96.96569) 

-21.13229 
(67.51964) 

%O2 Saturation 
-83.14927 
(89.49025) 

-158.6357 
(112.125) 

Wave height 
-374.5139 
(196.5744) 

-573.6144 

(196.235) 

Month 
24345.5 

(7836.069) 
- 

Month2 -1510.004 

(477.0261) 
- 

Constant 
-74946.7 

(27572.41) 

16518.88 

(7698.846) 
 

Notes:  The quantity variable has been divided by 100.  Numbers in parentheses are the estimated 
robust standard errors; bold text indicates that the null hypothesis that the estimate is equal to zero 
can be rejected at the 5% level.  Price has been adjusted to 2007 dollars. 
 

 

 

 In order to check the assumption that price can be treated as exogenous we need to 

estimate supply a second time while instrumenting for price using the demand side shifters in the 

first stage equation.  Again, we must check the validity of the demand side variables that are 

used to instrument for price: US per capita income, price of other US shrimp landings, price of 

imported shrimp, and the consumer price index for meat poultry and fish.  With an f statistic of 

41.59 these variables (Table 5) seem to be reasonable instruments for price in the supply 

equation. 
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TABLE 5: First stage ordinary least squares estimates of price of  
North Carolina brown shrimp, all sizes (n=43, F=41.59, R2=0.7391) 

 

US per capita income 
0.0113019 

(0.0160132) 

Price of other US shrimp landings 
0.5980856 

(0.1291671) 

Price of shrimp imports 
0.331543 

(0.1340282) 

CPIMPF/CPIALL 
1.511506 

(3.791804) 

Constant 
-5.414649 
(3.734094) 

 
Notes:  The income variable has been divided by 100.  Numbers in parentheses are the estimated 
robust standard errors; bold text indicates that the null hypothesis that the estimate is equal to zero 
can be rejected at the 5% level.  All prices have been converted to 2007 dollars.  

 
 
 When we estimate supply using a price variable that is instrumented by the demand 

shifters we see that price is not significant but it does have the expected sign (Table 6).  

Furthermore, the coefficients on the other variables in the equation do not change much from the 

case in which we assume price is exogenous.  It seems that treating price as exogenous or 

endogenous in the supply equation does not seem to affect the results much. 
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TABLE 6: Two stage least squares estimate of supply for all sizes of  
North Carolina brown shrimp in quantity dependent form with price 

instrumented by first stage demand shifters (n=42, R2=0.5658) 
 

Price:  
NC brown shrimp 

1323.027 
(1621.611) 

Hypoxia 
-198.2689 

(88.18946) 

%O2 Saturation 
-78.54177 
(77.48038) 

Wave height 
-381.0726 

(179.991) 

Month 
24678.77 

(7774.638) 

Month2 -1527.457 

(466.1101) 

Constant 
-76169.27 

(27145.33) 
 
Notes:  The quantity variable has been divided by 100.  Numbers in parentheses are the estimated 
robust standard errors. Bold text indicates that the null hypothesis that the estimate is equal to zero 
can be rejected at the 5% level.  Price has been adjusted to 2007 dollars. 

 

4.2 Demand and Supply Estimation: Large Size Class 

 
 The same estimation procedures for demand and supply were carried out for the size 

aggregated group of “large” shrimp.  We estimated the demand function for the large size group, 

0-25 shrimp per pound, both without and with the price of medium sized shrimp included as a 

substitute product. 

 When the price of medium sized shrimp is not included in the estimation (Table 7, 

column 1) both quantity and income have the opposite signs than would be expected and the only 

significant demand shifter seems to be the consumer price index of meat, poultry and fish. When 

the price of medium sized shrimp is included (Table 7, column 2), the sign on quantity is correct 

yet insignificant.  However, the signs on price of imports and price of all other US landings are 

switched and the only significant demand shifter seems to be the price of the medium sized 

shrimp themselves. 
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 It is important to note here that when limiting the analysis to only the large size shrimp 

class the number of observations is greatly reduced (n=33).  This is due to the fact that large 

shrimp are not landed as frequently during the early part of the season and therefore fewer 

months contain substantial landings data for large shrimp that can be included in the analysis.  

This reduces the power of this estimation and clearly makes it difficult to attain significance on 

the demand variable coefficients.   

 
TABLE 7: Two stage least squares estimate of demand for large size class  
(0-25 per pound) of North Carolina brown shrimp in price dependent form  

with quantity instrumented by supply shifters (n=33) 
 

 
(1) 

R2=0.6225 
(2) 

R2=0.7689 

Quantity 
0.0000665 

(0.0000465) 
-0.0000275 
(0.0000501) 

US per capita income 
-0.01115378 
(0.0179561) 

-0.0150313 
(0.0151923) 

Price of other US shrimp 
landings 

0.4627325 
(0.3124789) 

-0.0242071 
(0.3274308) 

Price of shrimp imports 
0.347122 

(0.199635) 
-0.035368 

(0.1848274) 

CPIMPF/CPIALL 
9.036316 

(4.018649) 

2.938664 
(3.851354) 

Price of medium NC 
shrimp (26-50 per pound) 

- 
0.92928 

(0.2647465) 

Constant 
-4.973697 
(3.923337) 

3.111488 
(4.573854) 

 
Notes:  Quantity and income variables have been divided by 100.  Numbers in parentheses are the 
estimated robust standard errors; bold text indicates that the null hypothesis that the estimate is 
equal to zero can be rejected at the 5% level.  All prices have been adjusted to 2007 US dollars. 

 
 
 Next, we examine the supply equation for the large size shrimp, first without the price 

of the medium sized group used to instrument for price (Table 8, column1) and then a second 

time including the price of the medium sized group as an instrument  (Table 8, column 2).  Price 

has the opposite sign than would be expected but is insignificant.  The other variables in both of 
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these supply equations for the large shrimp all have the correct signs; however hypoxia is no 

longer significant.  Again, the small sample size is likely preventing the effect of this parameter 

from being fully included in this analysis.  Wave height and the time series variables are highly 

significant in this case.  

 
TABLE 8: Two stage least squares estimate of supply for large size class  
(0-25 per pound) of North Carolina brown shrimp in quantity dependent  

form with price instrumented by first stage demand shifters (n=33) 
 

 
(1) 

R2=0.5561 
(2) 

R2=0.5501 

Price: NC brown 
shrimp (0-25) 

-252.4367 
(651.8553) 

-11.9543 
(665.4074) 

Hypoxia 
-87.40126 
(51.90787) 

-86.83841 
(52.5539) 

%O2 Saturation 
-60.74933 
(35.06697) 

-63.53692 
(37.46566) 

Wave height 
-295.8671 

(109.6553) 

-286.537 

(109.6456) 

Month 
16207.31 

(4937.782) 

15626.87 

(4851.986) 

Month2 -920.8111 

(274.279) 

-889.676 

(269.5244) 

Constant 
-55252.77 

(16047.09) 

-53354.19 

(15785.92) 
 
Notes:  Quantity and income variables have been divided by 100.  Numbers in parentheses are the 
estimated robust standard errors; bold text indicates that the null hypothesis that the estimate is 
equal to zero can be rejected at the 5% level.  All prices have been adjusted to 2007 US dollars. 

 

4.3 Demand and Supply Estimation:  Small Size Class 
 

 The same estimation procedures for demand and supply were carried out for the size 

aggregated group of “small” shrimp, 51-80 per pound.   

 The demand equation for the small shrimp (Table 9) still has quantity being 

insignificant but with the correct sign.  Now, the price of US landings is not a significant variable 

either, but income is.  The sample size for this analysis was further reduced to n=25 due to the 
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infrequency of months containing substantial landings of these small shrimp and this must be 

considered when interpreting these results.  Curiously, the CPI variable switches signs and now 

has the opposite of what theory predicts.  Also worth noting is that the price of imports is now 

highly significant (Z = 9.53).  This may reflect an important market reality – that for the smaller 

size shrimp, the import market drives much of the variation in price.  

 
TABLE 9: Two stage least squares estimate of demand for small size class 
(51-80 per pound) of North Carolina brown shrimp in price dependent form  

with quantity instrumented by supply shifters (n=25) 
 

 
(1) 

R2=0.9181 

Quantity 
-0.0000158 
(0.0000406) 

US per capita 
income 

0.025544 

(0.0080569) 

Price of other US 
shrimp landings 

0.0166317 
(0.0941168) 

Price of shrimp 
imports 

0.5541868 

(0.0581457) 

CPIMPF/CPIALL 
-4.858937 

(1.74455) 

Constant 
-4.281564 

(1.550947) 
 
Notes:  Quantity and income variables have been divided by 100.  Numbers in parentheses are the 
estimated robust standard errors; bold text indicates that the null hypothesis that the estimate is 
equal to zero can be rejected at the 5% level.  All prices have been adjusted to 2007 US dollars. 

 

 

 When we estimate the supply equation for the small shrimp (Table 10), the results 

show price as being highly significant but not hypoxia.  All of these results should be treated 

with caution, especially considering the small number of observations. With that in mind, this 

finding is interesting.  It may be that hypoxia retards growth such that more shrimp are collapsed 

into smaller size classes.  As a result, when looking just at the small size class, the negative 

effects of hypoxia are canceled out by the condensing effect.  Also worth noting is that the peak 
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production time for the small shrimp is around April 25 (earlier than the average peak discussed 

above for the fully aggregated analysis).  This makes sense given that shrimp are an annual 

species and on average, the abundance of small shrimp will be higher early in the season. 

 
 

TABLE 10: Two stage least squares estimate of supply for small size class  
(51-80 per pound) of North Carolina brown shrimp in quantity dependent form 

with price instrumented by first stage demand shifters (n=25) 
 

 
(1) 

R2=0.7466 

Price: NC brown 
shrimp (51-80) 

1190.285 

(281.2248) 

Hypoxia 
4.75183 

(9.038656) 

%O2 Saturation 
16.47764 

(9.204066) 

Wave height 
52.96403 

(28.83297) 

Month 
1860.53 

(1131.712) 

Month2 -191.6082 

(75.92514) 

Constant 
-5030.309 
(4543.78) 

 
Notes:  Quantity variable has been divided by 100.  Numbers in parentheses are the estimated 
robust standard errors; bold text indicates that the null hypothesis that the estimate is equal to zero 
can be rejected at the 5% level.  Price has been adjusted to 2007 dollars. 

 

4.4 Calculation of Welfare Effects 

 
The welfare effects of hypoxia on the whole North Carolina brown shrimp market 

(aggregated by all sizes) were calculated at the means for a hypothetical 30% reduction in 

hypoxic days during the six years of landings data (Table 11).  Two calculations were made.  

The first one used the upward sloping supply curve given by estimated equation above (Table 6).  

In the second calculation, the perfectly inelastic supply curve given by the x intercept at P=0 was 

used.  Given the results of the demand estimation above, the mean price of landings ($2.56) was 
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used for perfectly elastic demand in both calculations.    The first calculation indicates a 35.76% 

increase in producer surplus as supply shifts inward with the 30% reduction in hypoxia.  The 

second calculation using the perfectly inelastic supply indicates a 57% increase.   This 

corresponds to a mean monthly producer surplus gain of $411,945.   By multiplying the mean 

monthly estimate by the total number of months during the year for which there is a substantial 

shrimp harvest, the annual producer surplus gain from a 30% reduction in hypoxia is estimated at 

$2,471,670. 

 

Table 11:  Mean Monthly Producer Surplus (2007 US$) 
 

 
Observed 
Hypoxia 

30% Reduction 
in Hypoxia 

Net Change % Change 

Calculation 1: 
Upward sloping 

Supply 

$1,151,917.31 
 

$1,563,862.34 
 

$411,945.04 
 

35.761685 
 

Calculation 2: 
Perfectly Inelastic 

Supply 

$718,387.82 
 

$1,130,332.86 
 

$411,945.04 
 

57.34298764 
 

 

 

5. Discussion and Conclusions 

 

Based on this analysis and the resulting estimations of the supply-demand model for 

North Carolina brown shrimp landings during the years 1999-2005 it seems that, in general, 

variation in the local prices does not arise from local economic drivers.   Demand for North 

Carolina brown shrimp seems to be perfectly elastic and determined largely by the world market, 

specifically the prices of imported shrimp and other shrimp landings in the US.  At the fully 

aggregated level, using all sizes to estimate the demand function in price dependent form, 

quantity is not significant.  This indicates that price may in fact be exogenous to the system and 
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that price and quantity are not jointly determined in this simultaneous equation system.  

Furthermore, the coefficient on income is not significant.  This may be a result of the small 

number of observations and the exclusion of a variable to fully capture seasonality in demand, 

but it also highlights the possibility of multicolliniarity with the prices of substitute shrimp.  The 

significance of the substitute shrimp prices may be capturing some of the variation in the income 

variable, thereby reducing its effect on the price of North Carolina shrimp. 

When examining the estimated supply function for North Carolina brown shrimp in 

quantity dependent form for all sizes, it seems that supply may in fact be perfectly inelastic and 

determined by environmental factors, not price.  Specifically, the estimated model makes it clear 

that hypoxia does have a significant negative relationship with the quantity of brown shrimp 

landed and furthermore that increased hypoxia shifts supply inward.  The potential exogeneity of 

North Carolina shrimp price in this system is consistent with the fact that the coefficients on the 

supply shifters do not change much between the ordinary least squares estimate and the two 

stage least squares estimate with price instrumented by first stage demand shifters.  

The multi-market analysis of the supply-demand models for large and small sized shrimp 

did not identify a difference in the price elasticities of demand.  In these cases the demands for 

large and small sized shrimp still appear to be perfectly elastic, as in the fully aggregated 

analysis.  However, when considering these results it is important to recognize the limitations of 

the model estimations due to significantly reduced sample sizes, especially in the small shrimp 

group.  Annual trends in abundance for both the large and small size groups, i.e. very few large 

shrimp during the early months of the season and few small shrimp during the later months of 

the season, reduced the sample sizes to 33 and 25 respectively.   
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Further research on the supply-demand system for North Carolina brown shrimp would 

likely benefit from the addition of other supply and demand shifter variables, namely a variable 

to capture seasonality in demand and a diesel fuel price variable on the supply side.   In order to 

capture the seasonality in the demand for NC brown shrimp, monthly revenue from tourism 

activities in the state could be used.  The inclusion of such a variable may allow the demand 

model to more effectively identify variations in income as it relates to the price of North Carolina 

shrimp.  On the supply side, the price of diesel fuel is important to consider for its potential 

effects on the fishing effort during each month.  This is especially pertinent since the years for 

which this analysis was done saw sharp increases in the price of diesel, a parameter that would 

not have likely been captured fully in the producer price index for all commodities.   Lastly, 

since the seasonality of the landings exclude approximately half of the months, any further 

analyses should aim to expand the dataset by including additional years of landings data as they 

become available.  Although the NCDMF landings data prior to 1999 do not distinguish the 

landings by shrimp species, those data that include all Penaeid species could also be analyzed.  

In this analysis the identification of a negative effect of hypoxia on the supply of North 

Carolina brown shrimp combined with the estimated market structure consisting of a perfectly 

elastic demand curve and an inelastic supply curve at the fully aggregated level indicates the 

potential for welfare gains to be realized on the producer side if hypoxia were to be reduced.  By 

calculating the welfare effects at the means under two scenarios, first using the upward sloping 

supply curve estimated by the two-stage least squares regression and then again using the 

perfectly inelastic supply, a hypothetical 30% reduction in hypoxic days would lead to a 35.76% 

- 57.34% gain in producer surplus.  It is estimated that a 30% reduction in hypoxic days between 

1999 and 2005 would result in an annual producer surplus gain of approximately $2,471,670 on 
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average.   This suggests that, in this overcapitalized fishery, a reduction of hypoxia could 

increase rents to the fishers, assuming that further entry into the fishery was restricted.  Without 

this restriction, one would expect further entry to dissipate any environmentally derived rent 

increases. 

The value of this potential to increase rents to fishers through environmental 

improvements to shrimp habitat is further enhanced by the current climate of relatively cheap 

imported shrimp and rising costs of fuel.  Furthermore, the identification of such potential 

welfare gains from a reduction in hypoxia, and conversely that of the welfare losses due to the 

observed levels of hypoxia, highlights the need for environmental policies based on whole 

ecosystem based management in the Neuse River estuary.    The SAMFC is currently promoting 

ecosystem based management for fisheries but the results of this study, which quantifies the 

economic effects of hypoxia on only one ecosystem service of the Neuse river estuary, illustrates 

a need for increased alignment and collaboration between land use management and fishery 

habitat conservation policies.  In the case of shrimp, since they can be considered an annual crop, 

stocks could respond rapidly to more stringent regulation on nutrient loading.  In North Carolina, 

where one of the largest sources of nutrient loading is confined animal feeding operations, 

environmental managers will be faced with an interesting dynamic when considering nutrient 

loading regulation: the inevitable trade-off between the economic outcomes of land based and 

marine based protein supply.  
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Appendices 

 
Appendix A:  Variable descriptive statistics (for landings where Q>10,000 pounds) 

Variable Obs. Mean Std. Dev. Min Max 

Month 43 8.209302 1.909352 5 11 

Month2 43 70.95349 31.1096 25 121 

Price of imports 43 4.583709 0.9621878 3.1604 6.8315 

income 43 31,492.51 1,045.841 29,357.27 33,175.22 

PPIALL 43 80.24266 5.698963 73.48 96.2362 

Price other US landings 43 2.376165 0.9023931 0.8366 4.2368 

CPIMPF/CPIALL 43 .9812948 0.0277913 0.9475298 1.035448 

Hypoxia 43 27.05351 16.12676 1.06452 66.9677 

Hypoxia: 30% reduction 43 18.93746    11.28873    0.745164   46.87739 

%O2 saturation 42 66.41352 13.5418 32.37784 91.15144 

Water temperature 42 23.56594 4.502249 13.39534 29.10622 

Water Salinity 42 9.101586 5.249685 0.0375418 19.57936 

Water pH 42 7.493461 0.3324672 6.117993 7.951298 

Wind speed 43 9.057459 0.9640963 7.251613 11.676 

Wave height (#days over 5ft.) 43 12.23256 7.223761 1 25 

Air temperature 43 20.94684 5.234981 7.3889 28.6111 

Quantity all sizes 43 613,268.6 791,626 12,679.16 3,165,216 

Price all sizes 43 2.568672 0.8250566 1.0743 4.0386 

Quantity 0-25 34 271,745.1 331,396.4 11,907.1 1,707,987 

Price 0-25 34 3.258019 0.8174491 2.196004 4.880578 

Quantity 26-50 37 371,732.7 506,073.4 11,473.4 2,233,510 

Price 26-50 37 2.351276 0.7673192 1.228714 3.858153 

Quantity 51-80 26 121,924.4 100,712 10,053.9 383,439 

Price 51-80 26 1.546544 0.5087915 0.8697369 2.760221 
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Appendix B:  Plots of price versus quantity for the large and small size classes of North Carolina 

Brown shrimp landings (Q>10,000) from January 1999-December 2005 
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Appendix C:  Prices of substitute shrimp by month, January 1999 - December 2005 
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Appendix D: Hypoxia and percent O2 saturation trends for the Neuse River estuary, January 
1999-December 2004   
 

 

 

Notes: Hypoxia is presented as the monthly means of the daily measurements of the number of days in the previous 

90 for which dissolved O2 levels <2mg/L. 
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Appendix D:  North Carolina Brown Shrimp landings, January 1999
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