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Abstract

The biology of the northern shrimp, Pandalus borealis, on the Scotian Shelf is discussed
in relation to the Gulf of Maine and Newfoundland Shelf stocks. The Scotian Shelf is an area of
transition for P. borealis with a change in oceanographic characteristics in the mid shelf area
that has resulted in populations with characteristics of both more southern and more northern
stocks. The commercially important population on the eastern Scotian Shelf is restricted to
small areas of suitable habitat despite favorable temperatures over a wide area. On the western
Scotian Shelf a small population inhabits relatively small areas of marginally suitable tempera-
tures, despite large areas of suitable habitat. Commercially important concentrations in this
area appear only rarely after temperatures decrease to more favorable levels. Differences in
migration patterns between the Scotian Shelf stock and stocks to the north and south are related
to differences in temperature regimes. While shrimp populations on the Scotian Shelf are influ-
enced by water temperatures and habitat availability, predation pressure is also a significant
determinant of abundance. The implications for the management of shrimp fisheries in the area
are discussed.
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Introduction

Pandalus borealis is a circumpolar species of
shrimp, which is most abundant north of 46°N in the
western North Atlantic. South of this parallel, i.e. on
the Scotian Shelf and in the Gulf of Maine, this spe-
cies approaches its distributional and, by inference, its
physiological and/or ecological limits. Its preferred
temperature range is 1-6°C (Shumway et al., 1985).
In the Gulf of Maine (the southern limit of its Atlantic
distribution), landings (Dow, 1977) and recruitment
(Richards et al., MS 1996) have been inversely related
to sea water temperatures, with mechanisms proposed
by Appolonio ef al. (MS 1984) and Tande et al., (1993).
The literature shows both direct and inverse tempera-
ture-abundance relationships for more northern stocks
(Nilssen and Hopkins, 1991) but population fluctua-
tions in these northern stocks have also been linked to
predator abundance (e.g, Stefansson et al., MS 1994,
Stefansson and Palsson, 1998).

On the Scotian Shelf, P. borealis is the object of a
relatively small (1999 catches 5 000 tons ), recently
established, offshore trawl fishery and a developing
inshore trap fishery (Koeller et al., 1995; Koeller ef al.,

MS 1999). The purpose of this paper is to contrast the
available abiotic and biotic information on the Scotian
shelf with information on shrimp stocks to the north
and south, and to discuss the broad management im-
plications of the results. The working hypothesis is that
temperatures are more important than predators in
regulating southern shrimp stocks, and vice versa in
northern stocks. The Scotian Shelf should exhibit char-
acteristics intermediate to the southern and northern
populations which bracket it geographically.

Methods

Bathymetric information of the study area was
obtained as digitized depth contours from the Cana-
dian Hydrographic Service. The distribution of shrimp
habitat can be inferred from surficial geology maps
published by the Atlantic Geosciences Centre, Bedford
Institute of Oceanography, Dartmouth, Nova Scotia.
Historical bottom temperature data in areas of shrimp
distribution were obtained from the Marine Environ-
mental Data Service (MEDS), Ottawa. Bottom tem-
peratures were also recorded continuously at a fixed
location (depth 100 m) off Canso, Nova Scotia, using
Vemco temperature recorders.
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Fig. 2. Scotian Shelf and Bay of Fundy showing the distribution of bottom temperatures during the July 1996 ground-
fish survey and the distribution of shrimp habitat (LaHave clay, white line).

eastern shelf covered an area that is much wider than
the area of shrimp distribution, while the coldest tem-
peratures on the western Scotian Shelf were restricted
to smaller patches in the Bay of Fundy and in the
Roseway Basin area. Note also that the areas with the
largest amount of shrimp habitat (central Scotian Shelf,
and eastern Gulf of Maine) had temperatures above
the preferred range, and no sustained shrimp concen-
trations. On the western Scotian Shelf, shrimp concen-
trated in two relatively small patches of habitat i.e. Bay
of Fundy and Roseway Basin (Fig. 1), where tempera-
tures were cooler, despite a large amount of available
habitat elsewhere. The percentages of the total areas
of bottom within and above the preferred temperature
range on the central-western and eastern Scotian Shelf
in July since 1970, and the proportion of each area
that is shrimp habitat confirm the persistence of the
very different temperature-habitat regimes in these
areas (Fig. 3).

Summer surveys on the Scotian Shelf between
1995 and 1997 showed significant concentrations of
females both inshore (i.e. the Noodles, Fig. 1) and
offshore (Table 1). High densities of juveniles were
found both inshore and offshore, indicating that breed-

ing occurs in both areas. In addition, there were no
statistically significant differences in abundance be-
tween spring and autumn surveys conducted between
1982—88 that would suggest large scale seasonal emi-
gration from the offshore. Effort in the trawl fishery
has traditionally concentrated in the offshore holes
throughout the year until recently when the inshore
concentration was discovered (Koeller et al., MS 1999).
Both inshore and offshore areas are fished simulta-
neously throughout the year and the fishery does not
follow large shrimp inshore during their winter migra-
tion as in the Gulf of Maine. There was a significant
correlation between mean carapace length and depth
in the offshore holes during both spring and autumn

(Fig. 4).

Information from the inshore Mahone Bay win-
ter trap fishery (Fig. 1) indicates that trappers catch
mostly females (>80% by number), most of which are
ovigerous (>90% by number) (Table 2). Despite the
selectivity of fixed gear for larger animals, the iden-
tical traps in Chedebucto Bay caught more juveniles
and males, and the percentage of ovigerous females
was much lower than in Mahone Bay. The Chedebucto
Bay fishery is conducted from late summer-autumn
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Fig. 3. Percent of the area of bottom on the A) eastern and
B) central-western Scotian Shelf having July bot-
tom temperatures within (1-6°C) and above (>6°C)
the preferred temperature range of P. borealis. The
horizontal lines indicate the percentage of each area
which is LaHave Clay (shrimp habitat).

to spring, and typically catches decrease to negligible
levels in spring-early summer when temperatures in
the Bay drop below 1°C (Fig. 5). Trawl surveys at this
time (June) showed very low numbers of females in
Chedebucto Bay itself, but high concentrations im-
mediately outside the Bay (Koeller, MS 1996; Koeller
et al., MS 1999). During the Chedebucto Bay trap fish-
ery, catch rates typically fluctuate several times during
the season in phase with changes in the percentage of
ovigerous females as shown by the 199697 fishery in
Fig. 6.

Differences in the seasonal changes in surface and
deeper (>100 m) water temperatures in the western Gulf
of Maine, Scotian Shelf and Newfoundland-Labrador
Shelf along with the preferred temperature range of
P. borealis are given in Fig. 7.

Long-term changes in the abundance of shrimp on
the Scotian Shelf and in the Gulf of Maine are shown

in Fig. 8. Since commercial catches in the Gulf of Maine
closely track shrimp abundance estimates from ground-
fish surveys (Armstrong ef al., 1997), total catch was
used as a proxy for abundance in the Gulf of Maine
and western Scotian Shelf, while catch-per-unit-effort
from commercial shrimp trawlers was used as an
abundance index for the eastern Scotian Shelf in Fig.
8A. The western Scotian Shelf fishery was short-lived
but catches peaked in the same year as in the Gulf of
Maine, although they were an order of magnitude
smaller. Abundance on the eastern Scotian Shelf was
high in the late-1970s when the Gulf of Maine fishery
had collapsed, and it was at its lowest in the mid-1980s,
when the Gulf of Maine fishery had recovered. Eastern
Scotian Shelf abundance increased greatly in the 1990s
when Gulf of Maine catches were falling. Relative
changes in shrimp abundance from groundfish survey
indices (Fig. 8B) reflect the similarity of catch data in
the Gulf of Maine and the western Scotian Shelf, and
the different pattern on the eastern Scotian Shelf, i.e.
relative abundance was high in the Gulf of Maine and
western Scotian Shelf during the early-1970s when it
was low on the eastern Scotian Shelf. However, as with
historical commercial catches, survey catches and den-
sities on the western Scotian Shelf were about an or-
der of magnitude lower than the Gulf of Maine or the
eastern Scotian Shelf (Figure 8A,B)

Average bottom (>100 m) temperatures in the
western Gulf of Maine, on the eastern Scotian Shelf
and on the Newfoundland-Labrador Shelf since the
late-1970s were near the top, middle and bottom of
P. borealis temperature range, respectively (Fig. 9A).
The long term bottom temperature anomaly in the Gulf
of Maine generally decreased until the late-1960s,
reaching historical lows a few years before the record
high catches and abundance indices in the early-1970s
(Fig 8A, Fig. 9B). Conversely, bottom temperatures in
the Gulf of Maine increased from the late-1960s to
the late-1970s and reached historical highs a few years
before the record low catches and abundance indices
of the early-1980s. Except for recent years, tempera-
tures in the Gulf of Maine appear to have been de-
creasing since the late-1970s. Eastern Scotian Shelf
temperatures showed a decreasing trend throughout
the 1980s and 1990s when the shrimp population
cycled through periods of low and high abundance.
Bottom temperatures on the Newfoundland-Labrador
Shelf also decreased during the 1980s and 1990s, but
they increased in recent years. Shrimp abundance
tends to mirror predator abundance in all three areas
(Fig. 10). A multiple regression analysis showed that,
while the model explained a relatively small amount
of the variance in the data, predation was the only
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TABLE 1. Densities of females and juveniles in the inshore and offshore areas

from DFO shrimp surveys on the eastern Scotian Shelf.

Spring Summer Autumn
Offshore Inshore Offshore Offshore
Female density (numbers/m?)
1982 0.14 0.14
1983 0.40 0.26
1984 0.22 0.10
1985 0.07 0.08
1986 0.15 0.05
1987 0.08 0.12
1988 0.10 0.14
1995 0.29 0.38
1996 0.12 0.26
1997 0.25 0.26
1998 0.36 0.26
Juvenile density (numbers/m?)
1995 0.19 0.31
1996 0.07 0.08
1997 0.20 0.17
1998 0.29 0.29
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Fig. 4. Mean carapace length versus depth from all shrimp catches taken during spring and fall shrimp
surveys conducted from 1982—88 on the eastern Scotian Shelf.
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TABLE 2. Percent composition and mean carapace lengths by developmental stage from samples taken from the Mahone

Bay and Canso shrimp trap fisheries in 1997.

% female
Date Imm. Males Males Transitionals Females ovigerous
Mahone Canso Mahone Canso Mahone Canso Mahone Canso Mahone Canso Mahone Canso
Percent 16 Jan 15 Jan 0 7.0 7.4 233 19.7 12.6 72.9 57.1 97.6 6.9
Composition 24 Jan 02 Feb 0 0.2 1.8 5.8 6.1 20.7 92.1 73.2 97.7 12.5
21 Feb 15 Feb 0 2.0 4.0 9.1 28.8 5.2 67.2 69.9 83.7 42.1
19 Mar 18 Mar 0 2.1 0.2 13.7 3.2 14.2 96.6 69.9 29.2 339
Mean 0.0 2.8 34 13.0 14.5 13.2 82.2 67.5 93.0' 20.5!
16 Jan 15 Jan - 18.9 20.2 21.5 21.0 23.4 22.9 25.6
Mean carapace 24 Jan 02 Feb - 19.0 19.7 22.1 20.8 24.0 23.2 25.8
length (mm) 21 Feb 15 Feb - 18.1 19.6 21.9 21.3 23.6 22.7 25.6
19 Mar 18 Mar - 18.3 20.0 21.9 21.2 24.3 22.6 26.2
- 18.6 19.9 21.9 21.1 23.8 22.9 25.8

! Average prior to March before egg release begins.
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Fig. 5. Average daily commercial catch per trap haul and
bottom temperatures in Chedebucto Bay, Nova
Scotia during 1995-96.

significant determinant of shrimp abundance in all ar-
eas since 1977. Bottom temperatures lagged by 4 years
were insignificant in all cases (Table 3).

Discussion

Data from groundfish surveys, exploratory shrimp
surveys and the historical shrimp fisheries on the
Scotian Shelf and Bay of Fundy show that P. borealis
form concentrations on the eastern Scotian Shelf (Fig.
1). While shrimp were also present in the central and
western shelf region their abundance there was much
lower, and the population reached commercially viable
densities only once in the historical record. The central

and western shelf regions generally have bottom
temperatures which are above their preferred
temperature range except in the areas where these
fisheries occurred, i.e. in Roseway Basin and in the
mouth of the Bay of Fundy (Fig. 2). Since temperatures
in these areas fell only marginally within the preferred
range of the species, and the area of preferred
temperatures is small and fluctuates in size (Fig. 3),
the sustained favourable conditions needed for a large
population increase can be expected only rarely over
the long term. The coincidental development of the
shrimp fishery in the western Scotian Shelf and the
record high catches in the Gulf of Maine in the late-
1960s were preceded by a lengthy period of below
average temperatures (Fig. 8, 9). The subsequent
collapse of the Gulf of Maine fishery and
disappearance of the western Scotian Shelf fishery was
preceded by a period of above average temperatures.
This apparent connection between temperature and
shrimp abundance in these areas does not preclude
the concurrent influence of other environmental
factors or fishing effects. The longstanding contro-
versy in the literature on what regulates the shrimp
stock in the Gulf of Maine, "temperature?" (Dow,
1977; Richards et al., MS 1996; Appolonio et al., MS
1984; Tande et al., 1993) or "fishing?" (Anthony and
Clark, 1980), in itself suggests that both factors are
involved, the answer being dependant on the particular
data set and time period under review. This paper
shows that in more recent years predation was also
an important factor regulating shrimp abundance in all
areas examined, including the Gulf of Maine. The
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Fig. 6. Average daily commercial catch per trap haul and the percent of females that were ovigerous in commer-
cial trap catch samples during the 199697 trap fishing season in Chedebucto Bay, Nova Scotia. Solid
line — three-day average of catches; dotted line — percentage of females that were ovigerous.

overriding question that must be answered if this type
of information is to be useful in stock management is,
what is the relative importance of these factors at any
given time?

While the Gulf of Maine and western Scotian Shelf
have similarities with regard to shrimp population dy-
namics, they are different in one important respect —
long term average abundance in the Gulf of Maine is
much higher and, with the exception of the stock col-
lapse in the late-1970s, has managed to sustain a fish-
ery for an extended period. A comparison of the Gulf
of Maine, Scotian Shelf, and Newfoundland-Labrador
Shelf provides some insight into the relative impor-
tance of the known abiotic and biotic factors (i.e. habi-
tat, temperature, depth and predators) to P. borealis
population dynamics. Marginal temperature conditions
in combination with fishing in the Gulf of Maine have
resulted in a relatively unstable stock.The more unfa-
vorable temperature conditions in the western Scotian
Shelf have resulted in a small population which in-
creases to commercially viable densities only rarely
and for short periods of time. On the other hand, the

eastern Scotian Shelf shrimp stock is more similar in
size, density, and sustainability to the Gulf of Maine.
On the eastern Scotian Shelf, shrimp concentrate in
small areas of suitable habitat within a large area of
favorable temperatures. On the western and central
Scotian Shelf, shrimp are restricted to small areas of
marginal temperatures despite the availability of large
amount of suitable habitat. It is particularly notewor-
thy that the area with the least amount of preferred
habitat i.e. the eastern Scotian Shelf, is the one with
the largest shrimp concentrations (Fig. 2, 3). Depth
does not appear to be as important as habitat in re-
stricting P. borealis to the deep offshore holes on the
eastern Scotian Shelf, since large numbers of shrimp
are found on suitable habitat in the shallow inshore
areas off Cape Breton. Apparently, a combination of
suitable temperatures and habitat is a precondition for
a high-density population of P. borealis with the rela-
tive importance of factors in this context being
temperature>habitat>depth. Superimposed on these
factors is predation, which apparently becomes
important when temperature and habitat conditions re-
sult in a suitably abundant P. borealis population.



KOELLER: Abiotic and Biotic Factors and Management 29

TA

8,,
G //’\\\ - T == //\\\\ ’//\\
g - ~ - ~ 7z - N7
— 7 ~— T ~o7 e S
c T -
8 _______________
S 67 -
A ~
<) N 7S T
RN g N S
§ \.\ & N oS, e
o 47 '~ 4 N = S e
g_ N/ Sv
o 3+ \/\/-\\/
S T e N,
O 2T /\‘ me—ee «
z = 7 N, -~

1+ =0 N

7

0 1 1 1 1 1 1 1 1 1 1

Jan Feb Mar Apr  May Jun Jul Aug  Sep Oct Nov  Dec

20

B - Gulf of Maine

%) — - - — Eastern Scotian Shelf e F RTINS
o R ASPRAY
15+ — — —- Emerald Ry NN
E ~-~- Roseway TR
® Southern Nfld. Shelf .~ 7 ,~. "~/ ‘~1\\.\}

10 + S AN
) NN
S .
= -
S
g s
£
s
3
o 0
=

5 1 1 1 1 1 1 1 1 1 1

Jan Feb Mar Apr  May Jun

Dec

Fig. 7. Monthly mean temperatures for selected areas in the northwestern At-
lantic at A) >100 m and B) 0 m. The shaded area represents the pre-
ferred temperature range of P. borealis.

Seasonal temperature differences in shallow and
deep water (Fig. 7) can be related to observed differ-
ences in shrimp migration patterns and abundance be-
tween areas. On the Newfoundland Shelf, average tem-
peratures at depths >100 m are near the midpoint of
the species temperature range (Fig. 7A). Consequently
shrimp do not need to migrate into shallower water to
find more favorable temperatures and there are no re-
ports of such migrations in this area. In the Gulf of
Maine temperatures at depths >100m are near the up-
per limit of P. borealis temperature range throughout
the year but tend to exceed this limit in the autumn
and winter. Ovigerous females appear during the au-
tumn and winter in large numbers in the shallow in-
shore areas (Shumway et al., 1985) where water tem-
peratures remain well within the preferred range
(Fig. 7B). They remain in these inshore areas until the
early spring. Shrimp are rare in the central Scotian
Shelf (Emerald Basin) where the annual water tempera-
tures in depths >100 m exceeds the upper temperature

limit. Temperatures in the deep water of the western
Scotian Shelf (Roseway Basin) are within the tempera-
ture range throughout the year, but are near the upper
limit during autumn and winter when large numbers of
ovigerous females appear nearshore in Mahone Bay
(Table 2). On the eastern Scotian Shelf water tempera-
tures are near the lower limit of the species tempera-
ture range throughout most of the year. Shrimp are
found both inshore and offshore in high densities. Dur-
ing late-winter and early-spring shrimp move into
deeper, warmer water immediately outside the Bay
when nearshore temperatures in Chedebucto Bay are
at or below the lower limit of the temperature range
(Fig. 5). It is not clear why ovigerous females move
into Chedebucto Bay from the surrounding inshore area
from late-summer to spring. The catch patterns of Fig.
6 may simply reflect depletion of accumulated stock
in a small area by fishing, and subsequent movement
of shrimp into suitable unoccupied habitat from sur-
rounding areas of high density.
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Changes in shrimp abundance in the Gulf of Maine, western

Scotian Shelf and eastern Scotian Shelf as implied from A) land-
ings and commercial catch per unit effort since 1950, and B) strati-
fied mean catch/tow from groundfish surveys since 1971.

On the Scotian Shelf, P. horealis exhibits migra-
tory behavior with similarities to both the Gulf of
Maine and more northern stocks. On the western
Scotian Shelf, i.e. Mahone Bay, ovigerous females
migrate inshore during winter as in the Gulf of Maine,
to find cooler water and/or escape warm water. How-
ever, unlike the Gulf of Maine where the fishery fol-
lows the shrimp stock inshore in winter and offshore
in spring/summer, the western Scotian Shelf shrimp are
usually not present offshore in densities suitable for
commercial trawling. Recently, the area has only been
able to support a small trap fishery, and only after
shrimp have concentrated nearshore in small
embayments during winter. On the eastern Scotian
Shelf, shrimp are present offshore throughout the year
in commercial quantities, as occurs in Newfoundland-
Labrador and other northern stocks. They are also
present inshore throughout the year, however some
migration occurs within this area, including nearshore
movements in areas with suitable habitat from late sum-
mer to early spring, which cease and may be reversed

in spring-summer when nearshore temperatures be-
come too cold. There was no evidence of large-scale
inshore-offshore migrations on the eastern Scotian
Shelf. Offshore, Scotian Shelf shrimp showed local
ontogenetic migrations where older animals are found
at progressively deeper depths, as in more northern
areas (Fig. 4). Normal migration patterns should be
considered when evaluating the significance, in terms
of stock status, of any change in shrimp distribution.
For example, the large decrease in the Gulf of Alaska
shrimp stocks in the 1980s has been attributed to cli-
mate warming (Anderson, 2000) and was apparently
preceded by an inshore movement of the shrimp popu-
lation (C. Fu, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia, personal communication).

In the absence of empirically derived, stock spe-
cific targets for exploitation, Pandalid shrimp manag-
ers have tended to use a blanket "rule of thumb" ap-
proach, despite well documented differences in bio-
logical and population characteristics between stocks





