J. Northw. Atl. Fish. Sci., Vol. 27: 193-226

The Gulf of Maine Northern Shrimp (Pandalus borealis)

Fishery: a Review of the Record

Stephen H. Clark and Steven X. Cadrin
Northeast Fisheries Science Center, Woods Hole Laboratory
Woods Hole, MA 02543, USA

Daniel F. Schick
Maine Department of Marine Resources, Fisheries Research Station
West Boothbay Harbor, ME 04575, USA

Paul J. Diodati
Massachusetts Division of Marine Fisheries, Leverett Saltonstall Building
100 Cambridge St., Boston, MA 02202, USA

Michael P. Armstrong and David McCarron
Massachusetts Division of Marine Fisheries, Annisquam Laboratory
30 Emerson Ave., Gloucester, MA 01930, USA

Abstract

The Gulf of Maine fishery for northern shrimp (Pandalus borealis) has been a dynamic one,
with landings varying greatly in response to resource and market conditions. A directed winter
fishery developed in coastal waters in the late-1930s, which expanded to an offshore year round
fishery in the late-1960s when annual landings peaked at about 13 000 tons in 1969. Landings
subsequently declined to very low levels during the mid-1970s as recruitment failed and the stock
collapsed, precipitating closure of the fishery in 1977. The resource recovered under restrictive
management and was relatively stable at low to moderate levels of exploitation into the 1990s,
with several strong year-classes recruiting to the fishery. In the mid-1990s, landings and fishing
mortality increased sharply and abundance and recruitment have again declined. Environmental
conditions have played an important role in affecting survival and abundance. Stock assessments
have consistently shown that poor recruitment is more likely at low levels of spawning stock
biomass owing to reduced total egg production. At a stock biomass level of 15 000—20 000 tons,
sustainable yields for the Gulf of Maine northern shrimp fishery appear to be 3 000—4 000 tons
per year under average environmental conditions.
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Introduction

The Gulf of Maine northern shrimp (Pandalus
borealis) resource has provided an important source
of income for New England fishermen. The fishery
has been seasonal in nature, peaking in late-winter
when ovigerous females move into inshore waters and
terminating in spring under regulatory closure. It has
therefore been important to fishermen working inshore
areas, who otherwise have few options due to seasonal
changes in availability of groundfish, lobsters and
other species. Figure 1 indicates areas fished, ports
and geographic features mentioned in this paper.

Since its inception in the 1930s the fishery has
been a dynamic one. Annual landings have ranged
from zero in the mid-1950s to over 12 800 tons when
the fishery peaked in 1969. Landings again declined
to very low levels in the late-1970s with recruitment
failure and closure of the fishery but recovered
and were relatively stable at around 3 000—4 000 tons
from the mid-1980s through the early-1990s.
Landings rose to over 9 500 tons in 1996, but
subsequently declined to 3 700 tons in 1998. These
fluctuations have closely tracked trends in resource
abundance, which appear to have been determined
both by exploitation and environmental conditions.
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been conducted annually by all of the participating
states since the mid-1980s; 6 000—13 000 length
measurements have been collected each year (Cadrin
et al., 1999). Length compositions were weighted by
vessel trip landings within each year, state and month
combination and expanded by monthly totals by
weight to estimate total numbers landed. Biological
samples and other data have also been collected on
directed shrimp trips in NEFSC and state sea sampling
programs. Over 450 trips have been covered since
1991.

In 1968, the State of Maine began to sample
standard locations in known concentration areas (Fig.
2) using a shrimp research trawl (32 mm stretch mesh
codend). This survey was an expanded version of a
sampling program implemented in 1966 to collect
biological information. The resulting time series
(1968-83) proved very useful for estimating trends
in abundance, age composition, mortality and
recruitment. Northeast Fisheries Science Center
(NEFSC) time series are also available since 1968
from spring and autumn multispecies bottom trawl
surveys (summer bottom trawl survey cruises have also
been conducted in the western Gulf of Maine
intermittently.) These surveys employ a stratified
random sampling design (Fig. 3) and standard
groundfish trawls equipped with roller gear and 12.5
mm mesh codend liners. These surveys have been
found to be very useful for generating indices of stock
abundance and biomass. The autumn survey index has
been the more reliable, probably due to changes in
availability associated with seasonal movements in
winter and spring, and has tracked abundance and
fishery trends well (Clark and Anthony, 1981; Fig.
4). The spring survey has been an important source
of biological data, e.g. growth and maturation rates.
Azarovitz et al. (MS 1997) provide a complete
description of NEFSC bottom trawl surveys and data
collection methods used.

In 1984, the Maine survey was replaced by a
stratified random survey directed specifically towards
northern shrimp (Clark, 1989; Fig. 2). This is a
cooperative State-Federal survey conducted by the
NSTC each summer. Gear used consists of a modified
4-seam commercial shrimp trawl (32 mm stretch mesh
codend) equipped with "rockhopper" ground gear
(Blott et al., MS 1983). This survey has since provided
the primary source of fishery-independent data for
stock assessments and related research.

For both commercial and survey samples, shrimp
were measured from the posterior margin of the eye

socket to the posterodorsal margin of the carapace
(mid-dorsal carapace length [CL]; Rasmussen, 1953).
Measurements were recorded to the nearest 0.5 mm
below (Frechette and Parsons, 1983). Sex was
determined according to characteristics of the
endopodite on the first pleopod (Rasmussen, 1953),
and females further characterized as primiparous or
Female I (not having spawned) or multiparous or
Female II (having spawned at least once) according
to presence or absence of sternal spines (McCrary,
1971).

Results
Biology

The biology of northern shrimp in the Gulf of
Maine has been studied extensively (Apollonio and
Dunton, 1969; Apollonio et al., 1986; Haynes and
Wigley, 1969; Rinaldo, 1973, 1981; Stickney, MS
1980,1981; Stickney and Perkins, 1977, 1979; and
others). The life cycle of this species in the Gulf of
Maine is summarized in Fig. 5. Apollonio ef al. (1986)
provide an extensive review of biology and distribution
as modified by temperature and other environmental
parameters; Haynes and Wigley (1969) provide a
review of biology, life history and distribution,
including comparisons to other populations; papers
and reports by Stickney and Perkins examine biology
with particular reference to environmental factors
affecting recruitment.

In the Gulf of Maine, northern shrimp spawn in
offshore waters beginning in late July. By late
September, most adult females are ovigerous (Haynes
and Wigley, 1969). An inshore migration occurs in
autumn, which is apparently temperature-related
(Apollonio et al., 1986). Larvae hatch primarily in
inshore waters from early February to early April
(Stickney and Perkins, 1979; Haynes and Wigley,
1969), after which adult females move immediately
offshore. Stickney and Perkins (1977) observed 6
stages of larval development, concluding with a final
molt to the juvenile stage (documented in Shumway
et al., 1985). Juveniles remain in coastal waters for a
year or more before migrating to deeper offshore
waters, where they mature as males (Apollonio and
Dunton, 1969). In the Gulf of Maine, most individuals
mature and function sexually as males at age 2 (29—
30 months old) and then pass through a series of
transitional stages the following winter and spring,
finally maturing as females at age 3 (41-42 months
old). Maturation, spawning and transition all take
place in offshore waters (Apollonio et al., 1986;
Haynes and Wigley, 1969). Some females apparently
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Fig. 2.

Strata sampled during the summer State-Federal northern shrimp survey in the

western Gulf of Maine. Dots indicate locations of fixed stations sampled in the
State of Maine summer survey, 1968—83.

survive to repeat the process in succeeding years,
although natural mortality seems to increase sharply
following first hatching.

Haynes and Wigley (1969) documented the
following categories of shrimp development, all seen
in the Gulf of Maine population: two classes of males,
immature and mature; four transitional stages, each
represented by a molt; and three classes of females.
The latter category was further divided as follows:
primary, in which male characteristics never appear;

secondary, in which male characteristics are repressed
shortly after they appear, with individuals maturing
as females at age 2; and hermaphroditic, in which
individuals go through the normal sequence of
maturing first as males at age 2 and then passing
through transitional stages to mature as females at
age 3. Apollonio and Dunton (1969) found no primary
females in their study and Haynes and Wigley (1969)
reported only 2 primary females in over 4 000
individuals examined. However, about 25% of age 2
animals were found to mature as secondary females
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Strata sampled in the western Gulf of Maine during Northeast Fisheries Science

Center (NEFSC) spring and autumn multispecies bottom trawl surveys.

in the latter study; almost all of the remaining animals
passed through transition to become females at age 3.
Data collected in more recent years likewise indicates
atendency for at least some of the population to mature
as secondary females, e.g. 22% of the age 2 individuals
sampled in Northeast Fisheries Science Center
(NEFSC) spring bottom trawl surveys during 1978-
80 were observed to be transitionals or females. There
was a clear tendency for early transition to be size
dependent, occurring for the larger animals (Clark,
MS 1982).

Sample data collected in NEFSC spring and State-
Federal summer surveys from 1977 to 1997 indicated
an even higher proportion of age 2 (secondary) females
in 1977-78 (1975—-1976 year-classes) than reported
by Haynes and Wigley (1969) (Fig. 6). Annual
proportions of secondary females for 1979-83 (1977—
81 year-classes) were on average more comparable to
Haynes and Wigley's (1969) data, with most of the
population spawning as males at age 2 and undergoing
transition the following winter and spring. During
these years the population was increasing although
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Fig. 4. Northeast Fisheries Science Center (NEFSC) autumn
survey index (kg per tow, lagged forwards 1 year)
plotted against Gulf of Maine northern shrimp

landings, 1968-98.
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Fig.5. Life cycle of northern shrimp in the Gulf of Maine

(modified from Shumway et al., 1985).

abundance was still very low compared to late-1960s
levels. With recruitment of the strong 1982 year-class
at age 2 in 1984, the proportion of secondary females
declined considerably (Fig. 6), both for the 1982 year-
class and some succeeding year-classes (including the

1987 year-class, which was also a strong one). For
these year-classes, a large proportion of the male
component did not complete transition the following
winter and remained as males at age 3, while
primiparous and multiparous females were much less
abundant. The primiparous component likewise was
relatively more abundant at age 4 (Fig. 6). After 1992,
the pattern generally reverted to that observed from
1979-83, although the proportion of secondary
females appeared to be somewhat lower. The trends
observed from 1984-92 appear to reflect density
dependent effects, particularly for the 1982 and 1987
year-classes.

Growth

There is considerable information on growth of
the Gulf of Maine stock. Haynes and Wigley (1969)
presented lengths at age determined from the 1963—
65 NEFSC bottom trawl survey data which provided
the following von Bertalanffy growth parameters: L, v
=32 mm CL, K, 0.46, and ¢, -0.12 (nonlinear least
squares analysis by Terceiro and Idoine, 1990).
Rinaldo (1981) reported the following growth
parameters from analysis of 1968 data: L, .= 40.5 mm,
K,0.29and ¢, -0.04. Apollonio et al. (1986) compiled
size at age estimates from the 1966—68 survey data
and reported rapid growth during the first two years
(increments of 12 and 9 mm CL in years 1 and 2)
followed by a sharp decline to 3 mm in the third year.
This study documented differences in size at age by
area and season, which were ascribed to temperature
effects, i.e. more rapid growth rates at higher
temperatures.

More recent analyses have been based both on
statistical separation of modal groups in length
frequency distributions and alternative procedures
such as Shepherd's (1987) length composition analysis
(SRLCA) which match predicted to observed length
modes based on a priori growth information. Clark
(NEFC, in Mclnnes, 1986) used Hasselblad's (1966)
"normal distribution separator" (Tomlinson, 1971)
and visual examination of length frequencies to
identify modal groups from NEFSC bottom trawl
survey data for 1978-80. Analysis of resulting mean
length at age estimates provided the following von
Bertalanffy growth parameters: L, .= 35.2 mm, K,
0.36, and 7, 0.06. Use of Shepherd's (1987) method
on NEFC survey data for 1977-83 provided the
following estimates: L, .= 35.2 mm, K, 0.39, and ¢,
0.16. Terceiro and Idoine (1990) subsequently used
the SRLCA method to analyze data collected during
State-Federal summer survey cruises of 1984—88 and
reported L, . and K values of 33 mm and 0.32,
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Fig. 6. Sex compositions of Gulf of Maine northern shrimp at assumed age, 1977-97.

Females are categorized as Female I (primiparous) or Female II (multiparous).

respectively. Fournier ef al. (1991) calculated me.and
K values of 29.2 mm and 0.45, respectively, for the
1984-89 summer survey data using the MULTIFAN
maximum likelihood procedure.

Predicted lengths at age from these studies are
given in Table 1 and Fig. 7. There is close agreement
between the data of Haynes and Wigley (1969) and
Mclnnes (1986) and between the data of Terceiro and

Idoine (1990) and Fournier ef al. (1991); but the latter
two curves indicate lower mean size at age. Terceiro
and Idoine (1990) attributed this to the presence of
the strong 1982 year-class in their data set.

Natural Mortality

Instantaneous natural mortality (/) for this stock
has been estimated at 0.25 based on regressions of
instantaneous total mortality (Z) estimates from
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TABLE 1. Predicted lengths! at age and von Bertalanffy growth parameters for the Gulf of Maine northern shrimp
stock. All curves assume a 1 March birth-date.
A B C D

0.5 7.9 6.8 4.9 5.9
1.0 12.9 11.5 9.0 10.6
1.5 16.8 154 12.6 14.3
2.0 19.9 18.7 15.6 17.3
2.5 22.4 21.4 18.2 19.7
3.0 24.4 23.7 20.4 21.6
3.5 259 25.6 222 23.2
4.0 27.2 27.2 23.8 24.4
4.5 28.2 28.5 25.1 25.4
5.0 29.0 29.6 26.3 26.1
A Haynesand Wigley (1969) me = 32 mm, K = 0.46, t,=-0.12

B Mclnnes (1986) L, = 35.2 mm, K = 0.36, t, = -0.10

C  Terceiro and Idoine (1990) me = 33 mm, K = 032

D  Fournieretal. (1991) me = 29.2 mm, K = 045

! Mid-dorsal carapace length (mm).
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Fig. 7. Growth curves for Gulf of Maine northern shrimp.

research vessel surveys of 1968—72 on total effort
(Rinaldo, 1981). The estimate of Z for 1978 (when
the fishery was closed) from State of Maine survey

data was 0.17 (Clark, MS 1982). Frechette and
Labonte (1981) estimated M = 0.64 for northern
shrimp in the northwest Gulf of St. Lawrence, and a
value of 0.75 has been used by the International
Council of the Sea (ICES) Pandalus Assessment
Working Group in recent years in assessments of
European stocks (Anon., MS 1999). Therefore, it
appears that M is low in the Gulf of Maine relative to
other northern shrimp stocks.

Distribution

The Gulf of Maine stock is concentrated in the
western portion of the Gulf, and from spring through
autumn is most common at depths of 90-180 m (Fig.
8). Haynes and Wigley (1969) and Apollonio et al.
(1986) reported the species to be most abundant during
summer in deeper basins in the southwestern region
of the Gulf. This region is characterized by a higher
degree of vertical stratification, and colder bottom
temperatures, than in coastal areas further east due to
reduced tidal mixing (Colton and Stoddard, 1973, in
Mclnnes, 1986). Abundance in the eastern Gulf of
Maine is relatively low and there is no evidence of a
relationship between the Gulf of Maine population
and populations on the Scotian Shelf. For management
purposes the Gulf of Maine population is considered
to be a single unit stock (Clark and Anthony, 1981).

Temperature, substrate, salinity and depth have
all been considered as factors governing the
distribution of pandalid shrimp (Shumway et al.,
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1985). Haynes and Wigley (1969) reported a close
association between Pandalus borealis and fine-
grained sediments such as clay, silt, silty sand and
glacial till with moderate to high amounts of organic
carbon. These authors felt that temperature could
restrict distribution of the species to areas north of
the Georges Bank-Cape Cod region, but did not
consider temperature (or salinity) to be limiting to
distribution of the species in the Gulf of Maine. Schick
(MS 1991) similarly found much higher densities of
shrimp in Jeffreys Basin over soft bottom as compared
to hard bottom areas in underwater video line transect
studies. Observed densities were also considerably
higher than observed in similar studies further east
(Langton and Uzmann, 1989; Rowe et al. 1975, in
Schick MS 1991). Apollonio et al. (1986) studied
effects of temperature on biology and distribution of
the Gulf of Maine population extensively and
considered temperature to be the overriding factor.
They considered that the submarine basins of the
southwestern Gulf, with their deep cold areas
protected by thermal stratification during summer,
provided the best habitat for the species in the Gulf of
Maine. Both annual and seasonal distribution were
believed to be temperature driven, with seasonal
movements in relation to temperature being an
important component of reproductive strategy. They
noted that the correlations of shrimp abundance and
high organic content reported in other studies could
be coincidental rather than causal, since colder water
and fine sediments both tend to be trapped in such
habitats.

More recent survey data support the overriding
influence of temperature upon the distribution of this
species in the Gulf of Maine. Spring and autumn
distributions (Fig. 8) appear strongly dependent upon
local temperature conditions, with an inshore shift
evident in spring where temperatures are coldest; and
data from State-Federal summer surveys indicate a
very strong preference for bottom temperatures
between 4-6°C, the coldest observed range in the
survey region at this time of year (Clark et al., 2000).
Within this range, the species was found to be most
common on fine-grained sediments (Clark et al.,
2000). Highest concentrations, however, were clearly
defined by the 6°C isotherm; and to the east of Cashes
Ledge and Jeffreys Bank, where temperatures tended
to exceed 6°C, abundance was observed to decline
sharply, even in areas where bottom conditions are
favorable.

The Fishery

Initial development of the fishery has been
reviewed by several authors, (Scattergood, 1952;
Bruce, 1971; Wigley, 1973 and others). Rathbun
(1883, in Scattergood, 1952) was apparently the first
to note the presence of harvestable concentrations of
northern shrimp in New England waters and to
venture the opinion that they could support an
important industry when knowledge about their
distribution and appropriate gears became available.
Introduction of trawl gear in the early-1900s provided
a viable option for harvesting shrimp, but since effort
was directed towards groundfish with large mesh
trawls catches were initially light.

Organized attempts to establish a fishery did not
begin until the late-1920s, when the General Seafoods
Corporation chartered vessels and provided gear to
conduct exploratory surveys. This was followed by a
1936 survey aboard R/V Atlantis under the direction
of the renowned Norwegian scientist and shrimp
fishery expert Johan Hjort and subsequent cooperative
studies by the U.S. Bureau of Fisheries and industry
which demonstrated the feasibility of a commercial
fishery (Walford, 1948; Scattergood, 1952).

The fishery formally began in 1938, when 13
draggers began fishing out of Portland, Maine. From
the 1930s to the 1950s almost all of the landings were
by Maine vessels from Portland and smaller Maine
ports further east. This was an inshore winter fishery,
primarily from January—April, directed towards
ovigerous females in inshore waters (Scattergood,
1952). (Efforts were made to locate commercial
concentrations in summer of 1938, but these were
unsuccessful). Very small landings were also made
by Massachusetts vessels during these years. As
demand was initially light (primarily for fresh
consumption and home canning) landings were
initially small; but with the opening of several
canneries in Maine and introduction of quick freezing
techniques, demand rose and landings increased
sharply to a peak of 264 tons in 1945 (Table 2, Fig.
9). Landings then declined with declining abundance
into the 1950s and during 1954-57 no commercial
landings of shrimp were recorded.

In the late-1950s the fishery began to recover, due
to the efforts of commercial interests in Portland,
Maine and presumably to improving resource
conditions. Initially, landings were processed and sold





