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ABSTRACT 
 
 Although the potential causes of harmful algal blooms (HABs), or red tides, have been 
studied extensively, the relationships between the environmental drivers and economic impacts 
have not been fully explored.  This paper examines the environmental-economic link by 
investigating similarities in the environmental conditions leading to the 1993 and 2005 HABs 
(caused by the dinoflagellate Alexandirum spp.) along the Massachusetts coast, and the resulting 
effects on shellfish, public health, recreation, tourism, and the commercial shellfish industry in 
Massachusetts.  Environmental influences including sea surface temperature (SST), salinity, 
precipitation, streamflow, and shellfish toxicity levels were examined for the years 1990 to 2005.  
Economic impacts on commercial fishery landings (Massachusetts mussel commercial fishery 
landings and Gloucester commercial fishery landings) were assessed for the years1990 to 2003.  
It should be noted that there were many uncertainties and difficulties in obtaining reliable 
economic information due to lack of accurate documentation.  Toxicity levels were found to 
have positive relationships to both runoff and wind stress in 1993 and 2005.  Coincidentally, 
there was also a significant decrease in commercial fishery landings between 1992 and 1993, 
resulting in a decrease of millions of dollars of revenue for shellfish fishermen and the state of 
Massachusetts.  Changing fishery policies affected commercial fishery landings during the same 
time and were also considered.  These results argue for more accurate forecasts that will help 
predict future HABs, as well as more improved methods to provide more reliable information on 
the economic impacts of HABs to minimize the negative impacts of future HABs.   
 
 
 
 
 
 
 
This work was done under the auspices of the Significant Opportunities in Atmospheric Research and Science (SOARS®) 
program of the University Corporation for Atmospheric Research, with funding from the National Science Foundation, the U.S. 
Department of Energy, the National Oceanic and Atmospheric Administration, and Goddard Space Flight Center, NASA.   



1.  Introduction 
 

Harmful algal blooms (HABs) have dangerous impacts on the economy and public health 
of any coastal region (Anderson et al. 2005a).  They impact sources of revenue, marine life, 
human health, restaurant businesses, tourism, and fisheries.  Although the causes and biology of 
these HABs have been discussed and reviewed in other studies (Anderson 1997, Burkholder 
1998), relatively little is known about their economic impact on a region’s economy because 
economic information is difficult to obtain and there is little available.   

This study explores that missing “environmental-economic link”; that is, the connection 
between the environmental causes of HABs and the economic impacts on a specific region.  This 
paper focuses on Massachusetts and its economy with a concentration on Gloucester, a major 
port city on the northern coast of Massachusetts.  It compares the 1993 HAB to the larger 2005 
HAB.  Most importantly, this comparative study unravels the complex environmental-economic 
link of HABs and their implications for Massachusetts by examining both the environmental 
influences and economic impacts of this event in more detail than is typically considered. 
 
a.  Objective  

The objective of this study was to analyze red tide events that occurred in 1993 and 2005 
with respect to the environmental causes and the economic impacts in Massachusetts, an area 
where fishing is an important source of jobs, food, and income.  Through examining the 
environmental causes, there could be better forecasts of red tides and earlier preparation by 
implementing more improved welfare programs for fisheries or government funding.  This paper 
also argues for the need for more and better documentation of the economic impacts of red tides, 
especially within smaller, more local regions of Massachusetts.  It is difficult to analyze the 
direct impacts, such as on the shellfish fishing industry, but a larger challenge to gauge the 
indirect impacts, such as on recreation and tourism (Anderson et al. 2000).  So, understanding 
this environmental-economic link is essential. 
 
b.  Review of HABs and Their Effects 
 Algae are aquatic and photosynthetic organisms that live in the ocean and are necessary 
for the survival of marine life (Woodshole Oceanographic Institute 2005).  While most algae are 
non-toxic algae, harmful or toxic algae possess toxins that endanger marine life, as well as 
human beings when they consume marine life that have concentrated the algal toxins 
(Burkholder, 1998).  The species detected in Massachusetts during the 1993 and 2005 HAB is a 
part of the Alexandrium species (spp.) complex, more specifically the A. fundyense and A. 
tamarense (Anderson et al. 2005a).  Waters appear reddish-brown when they bloom due to the 
reddish pigment of the Alexandrium spp.  Hence, some HABs are also referred to as “red tides” 
(WHOI 2005).   

Higher level consumers, typically shellfish, become infected when they consume these 
harmful algae.  In shellfish, Alex. spp. can cause depressed feeding and narcosis (Burkholder 
1998).  When these contaminated shellfish are consumed by human beings, it can result in 
paralytic shellfish poisoning (PSP).  This disease causes paralysis, respiratory failure, and 
potentially death (WHOI 2005).  
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c.  Importance of Understanding the 2005 Red Tide 
The 2005 red tide was the largest red tide in Massachusetts since the outbreak in 1993, 

and its effects have been experienced throughout the Massachusetts community (WHOI 2005).  
Shellfish beds are closed if toxicity levels reach 80 µg of toxins per 100 g of shellfish meat 
(Daley 2005).  Earlier in May 2005, samples taken by the Woodshole Oceanographic Institute 
(WHOI) off the coast of Massachusetts contained 200 µg of toxins per 100 g of shellfish meat 
(Daley 2005).  The 2005 shellfish season in Massachusetts was declared an official “Commercial 
Fishery Failure” disaster by the U.S. Secretary of Commerce and resulted in the loss of 2.7 
millions dollars a month for the shellfish industry (Hoagland 2005). 
 
d.  Causes, Occurrences, and Required Environmental Research 

Harmful algae typically bloom in the late spring and early summer under specific climate 
conditions (Anderson 1997).  One hypothesis for the 2005 red tide is that major storms that 
occurred during the 2005 spring stirred sediments and allowed dormant cysts to germinate.  An 
explanation for the 1993 red tide, according to Anderson et al. (2005a), is the “plume advection 
hypothesis,” which claims that a combination of winds and runoff is a strong determinant of a 
red tide year.  The latter hypothesis will be the focus of this paper. 
 
e.  The Economics Challenge 
 Confronting the economic impacts of harmful algal blooms is difficult due to a lack of 
reliable or adequate information.  Most economic analyses of harmful algal blooms, as a result, 
only show part of the picture.  For example, understanding how tourism is affected by harmful 
algal blooms or how much is lost in wages if someone is ill as a result of PSP is challenging to 
quantify (Anderson et al. 2000).  Also, knowing the loss of commercial fishery landings does not 
directly translate into knowing the loss of money because despite the loss in supply, a large price 
increase matched with a high demand could be enough to compensate.  To understand the 
economic impacts, however, this paper examined commercial fishery landings and the revenue 
generated as recorded by the Fisheries of the United States and the National Marine Fisheries 
Services (NMFS).  It then compared the 1993 red tide years to non-red tide years because there is 
not enough information to measure these indirect impacts.  This paper also briefly investigates 
the monetary effects on public health to Massachusetts.  Recreation, tourism, and monitoring 
costs will not be examined in this paper due to lack of consistent information but are other 
additional economic losses that could be considered for future research. 

 
f.  Policy 
 The most influential public policy to affect fisheries is the Magnuson-Stevenson Fishery 
Conservation and Management Act.  This policy was initiated in 1976 and last amended in 1996.  
It aimed at conservation and management of fishery resources off the U.S. coasts, protection of 
important fish habitat, and maintenance of optimal sustainable yield of fish that can be fished.  
The New England Fishery Management Council (NEFMC) was designed to supervise and ensure 
the protection of these resources (National Marine Fisheries Services 2005).  This policy and its 
effects on the New England fishery will be further explored later in the paper.   
 
g.  Plume Advection Hypothesis 
 The “Plume Advection hypothesis” claims that wind stress and runoff are the most 
important causes of red tides.  Winds from the north or northeast encourage downwelling as a 
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result of the Coriolis Force.  Downwelling causes water and algae to pile up against the shore 
and results in a compression and acceleration of algae along the Massachusetts coast.  Winds 
from the south, however, would cause upwelling and the water would veer away from the coast.  
This slows their progression and decreases the amount of cells along the coast (Anderson et al. 

2005a).  Years with strong winds coming from the north 
and increased runoff would most likely encourage red tides, 
as opposed to years with winds from the south and less 
runoff. 
 Runoff is equally important because Alex. spp. 
survive under certain salinity conditions.  Although studies 
have shown that they can survive in more saline conditions, 
they typically favor less saline waters.  Increased runoff as 
a result of increased precipitation or streamflow would 
decrease the salinity of the waters and encourage the algae 
to bloom.   

The research conducted will study this hypothesis 
as the cause of the 1993 and 2005 red tides in 
Massachusetts.  HABs large enough to affect fisheries 
occur every few years (Anderson et al. 2005a).  
Recognizing the mechanisms that drive red tides is 

necessary for a more improved understanding and forecast system.  

Fig. 1  Map of the ocean currents in 
the Gulf of Maine (Anderson and 

Keafer 1999). 

 
 
h.  The Plan 

1. Examine the hypothetical causes for both the 1993 and 2005 red tide according to the 
paper by Anderson et al. (2005a); this includes SST, precipitation, streamflow, 
salinity, and wind stress. 

2. Examine the economic impacts of the 1993 red tide and projected impact for the 2005 
red tide on fisheries and its implications for Massachusetts’ economy. 

3. Acknowledge uncertainties of data, and describe how these discrepancies or lack of 
data have been reconciled. 

4. Analyze the data and reach a conclusion to better understand the environmental-
economic link. 

 
By studying past HABs and their economic outcomes in Massachusetts, this study could 
contribute to forecasting the next HAB crisis and alleviating its effects on Massachusetts and the 
shellfish fishing industry. 

 
2.  Methods 
  

Previous studies of red tides have focused on their causes and on the biology of HAB 
organisms, but have only briefly described their economic impact on fisheries and state income 
(Anderson 1997, Burkholder 1998, Anderson et al. 2005a). These methods included observing 
and analyzing wind stress, sea surface temperature (SST), salinity, and streamflow (Anderson et 
al. 2005a).  This paper will follow a similar methodology, but will also focus in great detail on 
the economic impact of red tides.   
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In short, this paper will examine: 
1. The hypothetical causes for both 1993 and the current red tide according to the paper 

by Anderson et al. (2005a) by using: 
a. Shellfish Toxicity Levels off the Massachusetts coast 
b. SST from Massachusetts Bay  
c. Precipitation data from Portland, Maine and Boston, Massachusetts  
d. Streamflow data from the Penobscot, Kennebec, Androscoggin, and Saco 

Rivers in Maine, and the Merrimack River in Massachusetts 
e. Salinity data from Massachusetts Bay 
f. Wind stress data from Portland, Maine  

2.  The economic impacts of the 1993 red tide and projected impact for the 2005 red tide 
on fisheries and its implications for Massachusetts’ economy by using: 

a.    Commercial Fishery Landings in Gloucester, Massachusetts 
b. Commercial Fishery Landings for Blue Mussel in Massachusetts 
c.    Essex County Annual Income data 
d. Observe 2005 projections of economic damage as a result of the red tide from 

press releases by Massachusetts officials and the media 
e. Compare 1993 data to non-red tide years 

3.  Other hypothesis for red tides or monetary dips in data 
 
a.  The Environment 
 
 1.)  CAUSE OF RED TIDES 

The climatic events that caused the 1993 red tide were discussed in a paper by Anderson 
et al. (2005a).  In this paper, “the plume advection hypothesis,” is discussed and it claims that the 
physical environment is the dominant factor that determines red tide years.  They emphasize 
wind stress that results in downwellling and runoff that leads to lower salinity waters create 
environmental conditions that encourage red tides.   
 
 2.)  SHELLFISH TOXICITY LEVEL 

Shellfish toxicity levels (µg shellfish toxicity/100 g shellfish meat) were used to measure 
the intensity of the 1993 and 2005 red tides (Anderson et al. 2005a:  Anderson pers. comm.).  In 
some areas of Massachusetts, however, toxicity levels greater than the cutoff of 80 µg shellfish 
toxicity/100 g shellfish meat, occur annually but are not large enough to cause massive PSP 
closures or be considered a bloom.  For example, in 1992 the ratio of samples with PSP greater 
than the cutoff was 0.101 (Anderson et al. 2000).  These years were considered non-red tide 
years.   

Since different types of shellfish process the toxins differently, this study focused on the 
blue mussel, a type of shellfish.  The data gathered by Anderson et al. (2005a) came from eight 
stations; four in Maine, and four in Massachusetts.  The 1993 data are monthly, the 2005 data are 
weekly, and both data sets are from the major port city of Gloucester-Annisquam (Gloucester), 
Massachusetts.  The Massachusetts Division of Marine Fisheries (DMF) takes weekly samples 
along the coast to test for PSP using the standard mouse bioassay.  In this process, a mouse is 
injected with toxins from 25 grams of shellfish meat, and then observed for 10 minutes for signs 
of intoxication or death (FAO 2005). 
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 3.)  SST AND SALINITY 
 SST and salinity data for 1993 were obtained from the US Geological Survey (USGS) 
Long Term Observations in Massachusetts Bay Report, Monthly Statistics (USGS 2005).  Data 
included monthly temperature (oC) and salinity (ppt) observations at 5 meters below the sea 
surface (mbs) along the Massachusetts coast at Site A located at 42° 22.6' N and 70° 47.0' W 
(Fig. 1a.).  Monthly mean SST and salinity were calculated for these data for the period between 
1990 and 2002. 
 

                      

Saco R

Fig. 2  A map showing Site A and buoy #44013.  (USGS 2005) 
  

SST data for 2005 was obtained from buoy #44013 located at 42o 21’N and 70o 41’ W.  
SST at this buoy is measured at 0.6 mbs, which differs from 1993 SST measurements that were 
measured at 5 mbs.  To maintain consistent results, the buoy data were averaged monthly for the 
years 1990 to 2005 and were compared to the 2005 data at 0.6 mbs.  Salinity data for 2005 was 
already plotted by Brad Butman from USGS (2005) for the period April 25 to May 20, 2005. 
Error bars represent one standard deviation above and below the mean.  The data between these 
error bars represent 68% of the data.   
 
 4.)  PRECIPITATION 
 Precipitation data were obtained from January 1990 to May 2005.  Precipitation data 
were calculated because it results in an increased input into streamflow.  Mean precipitation 
(mm) were obtained from the Boston Airport station 190770 in Massachusetts found in the 
"NCDC TD3200 U.S. Cooperative Summary of Day" data archive maintained at NCAR (NCDC 
2005).  Precipitation data in 1993 were plotted against mean precipitation, which was calculated 
between 1990 and 2003.  Precipitation in 2005 from Portland, Maine were also obtained for the 
period January to May 2005 (NCDC 2005).  April and May 2005 data are 90% complete. 
 
 5.)  STREAMFLOW 

Streamflow (ft3/s) for 1993 and 2005 was provided by the U.S. Geological Survey 
(USGS) from the Penobscot River at West Enfield, Maine; Kennebec River at North Sidney, 
Maine; Saco River at Cornish, Maine; Androscoggin River at Auburn, Maine; and Merrimack 
River at Lowell, Massachusetts.  According to Anderson et al. (2005a), these rivers deliver 
freshwater to the Maine Coastal Current (MCC), the current that transports these Alex. spp. 
southward along the Massachusetts coast.  The current is divided into two parts:  the Western 

“Site A” 

Buoy #44013 
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Maine Coastal Current (WMCC) and the Eastern Maine Coastal Current (EMCC) (Fig. 1b.).  
Streamflow was used to gauge the amount of runoff because a faster streamflow or discharge 
implies increased runoff and lower salinity waters -- an environment more favorable for Alex. 
growth.  The 1993, 2005, and mean streamflow were plotted; although the period over which the 
mean was calculated varied from river to river.   

 
 6.)  WIND DATA 
 Wind stress shows wind direction and speed (m/s).  Wind data were obtained from the 
National Oceanographic and Atmospheric Administration (NOAA) from buoy #44013 off the 
coast of Boston, Massachusetts (NDBC 2005). 
   

 
 
 
 
 
 
 
 

Fig. 3  This figures shows buoy #44013 (NDBC). 
 
b.  The Economics 
 
 It should be noted that the economic impacts of harmful algal blooms are difficult to 
study because they are not well documented.  There are many external influences to consider, as 
well as the concern of underestimating values due to lack of reliable information.  Also, knowing 
how much of the loss in commercial fishery landings can be attributed solely to red tides as 
opposed to depleted oxygen, low food supply, high predation, or other reasons for fish kills is 
unknown (Anderson et al. 2000).  This paper, as a result, used commercial fishery landings as the 
most available method to measure the economic impacts of red tides.   
 
 1.)  GLOUCESTER COMMERCIAL FISHERY LANDINGS 

Gloucester commercial fishery landings and their equivalent dollar value (price per 
pound) were collected and plotted from 1991 to 2003.  Commercial fishery landings are the 
amount of fish, shellfish, and other aquatic vegetation and animals sold on land (Fisheries of the 
United States 2003).  Though this data included more than shellfish catches, it sufficed for the 
purposes of this research.  Sources of data for this information include the NMFS and the coastal 
states involved.  Data were plotted on a graph and 1993 values were compared to non-red tide 
years. 
 
 2.)  MASSACHUSETTS BLUE MUSSEL COMMERCIAL FISHERY LANDINGS  
 Massachusetts Blue Mussel commercial fishery landings were obtained from the NMFS 
Office of Science and Technology (2005).  Data contain the number of pounds of blue mussel 
catch and its equivalent dollar value from 1990 to 1993 with missing 1991 data.  Data were 
plotted on a graph and 1993 values were compared to non-red tide years. 
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 3.)  ESSEX COUNTY ANNUAL INCOME DATA 
 This study focused on the major port city the city of Gloucester in Essex County, 
Massachusetts.  Annual income from each major industry in Essex were calculated to emphasize 
the importance of the fishing industry to Massachusetts’ economy.  The 2002 U.S. census data 
were obtained from the County Business Patterns of Massachusetts (U.S. Census Bureau 2005).  
Data show annual income of employees and the number of establishments within an industry in 
Essex County.  Annual incomes were used to represent the amount an industry contributes to that 
county’s economy.  From these data, a pie chart was created to show the income of one industry 
relative to another.  The contribution and importance of fisheries and their effects on other 
industries can be seen. 
 
 4.)  PSP CLOSURES 

As of June 16, 2005, Massachusetts shut down 63 fisheries as a result of PSP 
contamination.  These data were used to gauge the economic severity of the 2005 red tide.  Data 
were collected by the Massachusetts DMF beginning early May.  The status of the PSP closures, 
however, is still changing since the event is ongoing.  As a result, the maximum amount of 63 
PSP closures will be used.  Data on PSP closures for 1993 were not found.   
  
 5.)  2005 PROJECTED ECONOMIC IMPACT AND ITS UNCERTAINTIES 

Economic data were difficult to come by for an ongoing event, such as the 2005 red tide, 
because data were incomplete; thus, information on the dollar value per pound of shellfish were 
not available.  Projected estimates from Massachusetts officials or the media were used instead.   
 
 6.)  POLICIES 
 Policies affecting fisheries can also affect the economy of the fisheries by limiting areas 
that can be legally fished, the number of vessels allowed to fish, the amount of fish allowed to be 
caught, and the number of days that a vessel can fish.  When tracking the dollar value of shellfish 
collected beginning 1990 to 2005, it was important to acknowledge the policies implemented and 
enforced.  Public health was also briefly examined. 
 
3.  Results 
          
 A similar method by Anderson et al. (2005a) was employed to study the plume advection 
hypothesis.  The plume advection hypothesis emphasized studying the physical environment of 
these HABs.  SST, salinity, wind stress, streamflow, and shellfish toxicity data for 1993 and 
2005 were obtained.  In addition, precipitation levels in Maine and Massachusetts were studied.  
Streamflow and wind stress are especially important factors because they are important 
determinants of the residence time of the Alex. spp. (Anderson et al. 2005a).  I then made general 
comparisons between my results and those from Anderson et. al (2005a).   
 
a.   The Environment 
  
 1.)  SHELLFISH TOXICITY LEVELS 
 From the data provided by Donald Anderson (2005a), shellfish toxicity levels began to 
increase in early June 1993 and late May 2005 (Fig. 4).  In both years the maximum toxicity 
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occurred in the first week of June 1993 and 2005.  This agrees with Anderson’s (1997) claim that 
blooms in Massachusetts typically occur in late spring or early summer.  A less noticeable peak 
occurred in early May of both years.  Data were unavailable for the week of June 15, 2005 and 
after June 22, 2005. 

Gloucester, MA Shellfish Toxicity Levels 1993 
and 2005
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Fig. 4  Shellfish Toxicity in 1993 and 2005 both peaked in early June.  Error bars indicate 68% 
of the data that lies about the mean.   

 
 2.)  SST  

SST began to increase in April 1993 and 2005 and reached its maximum in August (Fig 
5).    SSTs in 1993 and 2005 did not significantly differ from the mean. 

 

       (a)            (b)    
Fig. 5(a) SST in 1993and mean SST from Site A at 5 mbs are plotted.  Standard deviation was 
already calculated by Butman’s group (2004) for 1993 SST data.  (b) SST in 2005 and mean SST 
from buoy #44013 at .6 mbs are plotted. 
 
 3.)  PRECIPITATION  
 There were greater amounts of precipitation in March and April 1993 in Boston, 
Massachusetts relative to the mean precipitation calculated between 1990 and 2005 (Fig. 6a).  
Monthly mean precipitation in Boston did not vary significantly.  Precipitation in 1993, however, 
peaked at 200 mm in March.  This peak occurred one month before streamflow peaked in April.  
In 2005, however, precipitation remained close to the mean. 

1993 SST Site A 5 mbs (1990-2002)
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In Portland, Maine, there was another increase in precipitation in May 1993 and a greater 
peak in April 2005 (Fig. 6b).  The peak in 2005 was larger than that in 1993 by 60 mm of 
precipitation.  In 1993, this peak in precipitation occurred one month before peaks in streamflow.  
In 2005, this peak occurred close to peaks in streamflow. 

Boston, MA Precipitation 
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(a) (b) 

Fig 6(a)   Precipitation data in Boston, MA in 1993 and 2005 against mean precipitation 
calculated from 1990 to 2004 (b) Precipitation data in Portland, ME in 1993 and 2005 against 
mean precipitation calculated from 1990 to May 2005. 
 
 4.)  STREAMFLOW 
 Each April, an annual peak discharge or streamflow in the Androscoggin, Kennebec, 
Penobscot, Saco, and Merrimack rivers contribute freshwater to the MCC.  The Kennebec and 
Penobscot provide the greatest volume of freshwater to the MCC, on average peaking at 
approximately 25,000 ft3/s in 1993 and 2005.   

In April 1993 and April 2005, there was an anomalous rise in streamflow in April 1993 
and 2005 relative to non-red tide years (Fig. 7).  These 1993 results were similar to data collected 
by Anderson et al. (2005b).  There was also little difference between the peaks that occurred in 
April 1993 and those that occurred in 2005.  In 1993, however, streamflow decreased more 
rapidly than the decrease observed in 2005.  By May of 1993, streamflow approached or dipped 
below the mean streamflow.  By May 2005, however, the Kennebec, Saco, Penobscot, and 
Androscoggin rivers’ streamflow were still greater than the mean streamflow until July 2005.   

Androscoggin Streamflow 1993 and 2005
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Kennebec Streamflow 1993 and 2005

0

10000

20000

30000

40000

50000

Ja
n

Feb M
ar

Apr
M

ay Ju
n Ju

l
Aug Sep O

ct
Nov Dec

Month

S
tr

ea
m

fl
o

w
 (

ft
^3

/s
)

 

Penobscot Streamflow 1993 and 2005
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Saco Streamflow 1993 and 2005
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Merrimack River Streamflow 1993 and 2005
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(d)   (e)    

Figure 7(a)  Merrimack Streamflow in Lowell, MA (b)  Kennebec River in North Sidney, Maine 
(c)  Penobscot River in West Enfield, Maine (d)  Saco River in Cornish, Maine  (e)  
Androscoggin River in Auburn, Maine.  Obvious peaks can be seen in April for all rivers. 
 
 5.)  SALINITY 

Salinity data were less variable in winter and fall 1993, but reached its nadir in May (Fig. 
8).    This implies a large input of freshwater off the coast of Massachusetts at Site A.  Donald 
Anderson et al. (2005a) established that waters below 31 ppt were considered low salinity 
waters.  Error bars were used to indicate one standard deviation above and below the mean.  The 
mean salinity for May, calculated for the years 1990 through 2002, was approximately 30.6 ppt, 
indicating that waters are generally less saline during May.  In May 1993, however, salinity was 
lower than the mean, measuring at 29.4 ppt.  This differed from the mean by 1.2 ppt, and fell 
outside the 68% range of data.   

Salinity data for 2005 were obtained and graphed from Site A at 5 mbs by Brad Butman 
(2005) from USGS.  Data were available on a shorter timescale from April 25 to May 20, 2005 
and recorded hourly.  The mean could not be calculated since data were only available for one 
month and were measured weekly, while 1993 salinity data were measured monthly and spanned 
over 12 years.  Points below the dashed line were considered lower salinity waters and are 
visible during late April and early May 2005.  This dip in salinity was similar to that in 1993 
which also occurred in May.   
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Fig. 8(a) Salinity in 1993 and mean salinity obtained from Site A at 5 mbs were plotted.  
Standard deviation was already calculated by Butman’s group (2004) for 1993 salinity data.   
(b)  Salinity in 2005 was graphed by Brad Butman (2005) from USGS from Site A at 5 mbs.  To 
determine if waters were more or less saline, a dashed line was drawn on both graphs at 31 ppt. 
 
 6.)  WIND STRESS 
 Strong winds from the north and northeast in 1993 and 2005 are visible in the graphs 
below (Fig. 9).  In 1993, strong winds occurred in late April and early May.  This 1993 peak in 
wind stress appears a month before toxicity levels increase but close to peaks in streamflow.  In 
2005, however, wind of higher velocity occurred in early to mid-May.  This is a month after the 
2005 peak in streamflow, but close to the period in which toxicity levels began to increase.  
There is a greater time lag in 1993 between wind stress and toxicity levels of a month or even 
greater.  This is opposed to the time lag in 2005 which was a couple of weeks. 
 More severe winds from the north occurring in April corresponded with 1993 wind stress 
data documented by Anderson et al. (2005b).  The 2005 wind stress data in Fig. 4 also 
corresponded with Butman’s 2005 data, with strong winds from the north occurring in early 
May. 
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Fig. 9  Wind stress in April and May of 1993 and 2005.  Wind speed determined by vector 
length (scaled to y-axis) and wind direction (from which the wind occurs) is determined by the 
vector angle.  That is vectors above the lien are winds coming from the north (NDBC 2005). 
 
 
b.  The Economics 
 

There was a decrease in yearly Gloucester commercial fishery landings and their 
equivalent dollar value in 1993 that amounted to a loss of approximately 4 million dollars (Fig. 
10a).  There was also a decrease in monthly Massachusetts blue mussel commercial fishery 
landings in 1993 resulting in a loss of 100,000 dollars from 1992 to 1993 (Fig. 10b) (NMFS 
2005). These data, however, are on a shorter timescale from 1990 to 1993 and there is missing 
data in 1991.   
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Blue Mussel Commercial Fishery Landings 1990-
1993

0

20,000

40,000
60,000
80,000

100,000

120,000

140,000

1/
90

7/
90

1/
91

7/
91

1/
92

7/
92

1/
93

7/
93

Month/Year
V

al
u
e 

($
)

0

100

200

300

400

500

lb
s
. (

x
1
0
^
3
)

        
(b) 

Fig. 10(a) Yearly commercial fishery landings in Gloucester, a major port city in Massachusetts, 
from 1991 to 2003.  These data included shellfish, finfish, and aquatic vegetation.  (b)  Monthly 
blue mussel commercial fishery landings in Massachusetts from 1990 to 1993.  Data from 1991 
were unavailable.  
 
 1.)  ESSEX COUNTY 
 The major port city of Gloucester belongs to Essex County.  In 2002, the U.S. Census 
Bureau recorded the annual income contributed by different industries.  Fishing was only 0.05% 
of the annual income contributed to the Essex economy (Table 1).  Fishing, however, also 
supports manufacturing, accommodation and food services, and wholesale trade (Fig. 11).  In 
addition, it most likely had an indirect impact on the industries of transportation and 
warehousing because the fish need to transported and stored; real estate, rental, and leasing 
because fishers must purchase boats or vessels; and management of companies and enterprises 
because many fisheries are privately owned.  The exact monetary amount of these indirect 
impacts, however, was not known (Fujita et al. 1998).   
 
Table 1  Major and sub-industries in Essex County affected by fishery closures. 

 

Industry:  sub-industry 
Annual Income 

(x1000) 
% of Total Essex 

Economy 

Forestry, fishing, hunting and agriculture support:  Fishing 3795 0.05 
Manufacturing:  Seafood product preparation and packaging 49947 0.48 
Wholesale trade:  Fish and Seafood wholesale 19788 0.2 
Accommodation and food services:  Food and drinking services  293484 2 
Transportation and warehousing ?  
Real Estate, rental, and leasing ?  
Mngmt of companies and enterprises ?  
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Fig. 11  A pie chart graphing each industry and its contribution of income to Essex county in 
2002 (U.S. Census Bureau 2002) 
 
 2.)  PROJECTED EFFECTS ON FISHERIES  

According to the Massachusetts DMF (2005), the 2005 red tide off Massachusetts has 
forced 63 PSP closures as of June 16, 2005.  Press releases by Massachusetts officials have also 
claimed that the ongoing 2005 red tide affects 1700 shellfish fisherman, 241 shellfish agriculture 
growers, 40 boat-based shellfish fisherman, and 41 coastal communities.  This event was 
declared an official “Commercial Fishery Failure” disaster by the U.S. Secretary of Commerce 
(NOAA Fisheries 2005).  All these factors combined suggest a loss of $2.7 million per month 
(Hoagland 2005).  If this continues for the projected ten weeks, it could amount to a loss of $527 
Million. 
 
 3.)  PUBLIC HEALTH 
 The economic loss resulting from health problems was easier to discern because public 
health agencies were able to record the number of patients in the hospital with PSP.  In the 
United States from 1987-92 the health impact from shellfish poisoning led to an approximate 
loss of 1 million dollars per year according to a technical report by Anderson et al. (2000).  This 
report also claimed that health concerns accounted for 45% of the total economic impacts from 
HABs in the United States.  It should be noted that this ratio also included other types of 
poisonings from different types of HABs.  In the case of Massachusetts, because the 
Massachusetts DMF detected toxicity levels early enough to warn the government and close 
shellfish beds before infected shellfish were sold and consumed, the number of people who 
suffer from PSP is low (Anderson et al. 2000).  The amount lost in wages due to the illness was 
another important factor, but difficult to measure so it will only be acknowledged. 
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4.  Discussion 
 
a.  The Environment 
 
 1.)  SHELLFISH TOXICITY LEVELS 

Toxicity levels in 2005 increased earlier and peaked at a higher level than in 1993.  This 
implies that the 2005 red tide was more intense than the 1993 red tide.  There was a one week 
difference between rising toxicity levels in 1993 and 2005.  Increased streamflow, which led to 
increased runoff, throughout June and July 2005 was one possible cause of the longer and more 
intense red tide in 2005.  Also, winds occurring in May 2005 were more prominent than those in 
April 1993.   

Another hypothesis for the larger 2005 red tide was that large storms in the spring of 
2005 stirred up the sediments where cysts lay dormant.  Storms would remove cysts from the 
sediments and allow them to germinate due to increased light stimulation and SST (Campbell 
2005).  Favorable wind conditions and increased runoff would reinforce and enlarge the 2005 
bloom.  In addition, the cysts are carried along the southward coastal current, depositing cysts 
into sediments and transporting the bloom into new territory along the eastern U.S. coast. 
 
 2.)  SST  

It was expected that warmer SSTs encourage Alex. spp. to bloom, but SST in 1993 
recorded at 5 meters below the sea surface (mbs) did not show a strong correlation with PSP 
toxicity levels.  SSTs for 1993 differed little from mean SSTs.  SSTs, however, were obtained 
from a single site (the buoy at Site A) and hence, does not distinguish geographic distribution of 
warmer versus colder waters.  Satellite imagery could clarify this by displaying where warmer 
waters occurred, such as along the MCC or Massachusetts coast.   
 
 3.)  SALINITY, STREAMFLOW AND PRECIPITATION 

Salinity in 1993 measured at 5 mbs from Site A deviated from the mean by 1.2 ppt 
indicating less saline waters than expected during May.  In May 2005, salinity measured below 
31 ppt, similarly indicating lower salinity waters for that month.   

In 1993 and 2005 there was a one to two month time lag between peaks in precipitation 
and streamflow and a one month time lag between streamflow and salinity.  These increases in 
precipitation and streamflow relative to the mean imply larger freshwater inputs during 1993 and 
2005.  Although the dinoflagellate can survive in more saline waters, it typically favors lower 
salinity waters (Anderson 2005a).  These lower salinity waters, in turn, foster the HAB.  This has 
important implications for red tide years because according to the plume advection hypothesis, 
runoff is a important determinant of the residence time of harmful algae, or the length of time 
harmful algae reside in the water (Anderson et al.1997).  A larger volume of runoff implies more 
nutrients and freshwater which could extend or lengthen the bloom. 
 
b.  The Economics 
 

In both the Gloucester commercial fishery landings and Massachusetts blue mussel catch 
data, there were clear declines in landings from 1992 and 1993.  In 1991 Gloucester commercial 
fishery landings began a steady decline which continued until 1996.  The greatest decline in 
landings occurred between 1992 and 1993 and amounted to a loss of 15 million dollars.  This 
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means a major loss of revenue to the fisheries and Massachusetts’ economy.  Similarly, the loss 
in blue mussel catch had economic ramifications and added another loss to shellfish fisheries.  
This could partially be attributed to the red tide which occurred in 1993.   

It is important to recognize the indirect economic impacts to a region’s economy, which 
were translated into supply and demand curves (Fig. 6).  Consumer surplus is defined as the 
difference between the maximum amount a consumer is willing to pay and the amount actually 
paid.  In fig. 6 it is represented by the triangle BEC.  Producer surplus is the difference between 
the producer revenue and cost.  In fig. 6 it is defined as BCF.  Closure of local fisheries is a 
decrease in shellfish supply to the shellfish market.  A decrease in supply translates into the 
supply curve shifting left from S1 to S2, which reduces consumer surplus to AEH and producer 
surplus to GAH.  This also increases prices and decreases income. 

Also, a decrease in income of shellfish fishermen translates into decreased consumption 
within Massachusetts which means a decrease in state income.  That is, a shellfish fisherman or 
any employee directly or indirectly affected by the PSP closures will have less income.  As a 
result, his or her marginal propensity to consume (mpc), that is his or her willingness to pay for 
and consume goods, will decrease, and he or she will consume less.  This results in another 
decrease in state income.   
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Fig. 12 Supply and Demand Curves show the consequences of red tides on Massachusetts’ 
economy.  P is price, Y is state income, S is supply of the good, D is demand for the good, C is 
consumption, I is investment, and G is government expenditures.  As supply for shellfish 
decreases, prices for shellfish increase and Y decreases.  Also, as C decreases, Y decreases too. 
 
 POLICY AND OTHER CONTRIBUTING FACTORS 

In 1996, the Magnuson-Stevenson Fishery Conservation and Management Act, enacted in 
1976, was amended.  Included in these amendments was the adoption of the Sustainable 
Fisheries Act of 1996 (SFA).  The goals of the SFA were to prevent overfishing and restore fish 
stocks, protect Essential Fish Habitat (EFH), reduce bycatch, and increase supervision and 
research of fisheries.  From 1997 to 2002, fish stocks, this includes shellfish and finfish, had 
been restored by preventing and reviving overfished stocks (NOAA 2005).  The implementation 
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of SFA in 1996 could explain the increase in Gloucester Commercial Fishery Landings in 1998 
seen in Fig. 5(a) after a low point from 1993 to 1997.   

Another important product of the Magnuson-Stevenson Act was the NEFMC, as stated in 
the Introduction.  The NEFMC is an agency appointed to oversee fishery productions within 
New England and enforce the regulations designated by the act.  The Council has some 
regulatory authority over which plans to adopt and their implementation. 

In summer 1995, the NEFMC wanted to reduce groundfish mortality through area 
closures, Total Allowable Catch limitations, use of larger mesh sizes, and days at sea restrictions 
for fishermen.  In 1998, they were allowed 139 days at sea; in 1997 they were allowed 88 days at 
sea.  This may explain the continuous decrease in stock or catch through 1997.   

Also, from Fig. 5(a), there was a visible increase in commercial fishery landings in 2000.  
In a 2001 news release by the NEFMC, it stated that biomass levels for fish stocks increased in 
2000 (NEFMC 2001).  They claimed that in Gloucester, Boston, and New Bedford there was an 
increase in cod and other groundfish stocks landings of 400,000 pounds from the previous year.  
Also, the Council developed a Scallop Plan as a result of scallop resources in Georges Bank 
having reached sustainable levels.  The Scallop Plan increased landings of scallops, a type of 
shellfish, in 2001 by three times as much as from 1998 (NEFMC 2005). 

It is important to acknowledge policies because they affect the fisheries and fish stock.  
Although there are other contributing factors, such as the outbreak of a different disease, low 
recruitment, increased predation, or low food supply, policy contributes to the success of 
fisheries one year relative to another (Hoagland 2005).   
 
5.  Conclusion 
  
 Toxicity had a strong correlation with runoff and wind stress in 1993 and 2005.  Due to 
increased precipitation in Maine during 2005, there was increased runoff during 2005 relative to 
1993.  This would lower the salinity of the waters and could explain the greater toxicity levels 
during 2005 compared to 1993.  In terms of economics, the largest monetary decrease occurred 
between 1992, a non-red tide year, and 1993.  The projected economic impacts for the 2005 red 
tide amount to a loss of 527 million dollars for the Massachusetts’ economy. Future research on 
this subject includes using or combining other techniques such as remote sensing to research 
HABs and finding better methods of more accurately documenting the direct economic impacts, 
like commercial fishery landings, and indirect economic impacts, like recreation or tourism, of 
red tides.  The economic impacts from recreation, tourism, and monitoring costs were not 
considered in this paper due to lack of information but are also large and important costs to 
consider for future research. 
 By examining the climate influences of past HABs in Massachusetts, this research could 
contribute to better forecasting of red tides.  Also, by having more complete and adequate 
information on the economic impacts of red tides, the economic damage of the next HAB crisis 
could be alleviated.  The government could provide earlier warnings and better prepare for the 
economic crisis by setting aside more government funds for those who need the most support, 
promoting lower interest rates on loans, or by developing government programs so that shellfish 
growers or fishermen could sustain a living throughout the season.  This research demonstrates 
that studying the environmental-economic link is significant and needs to be further explored. 
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