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Abstract The extent to which the American lobster,
Homarus americanus (H. Milne-Edwards), utilizes estu-
arine habitats is poorly understood. From 1989 to 1991
we examined lobster movements in and around the
Great Bay estuary, New Hampshire using tag/recapture
and ultrasonic telemetry. A total of 1212 lobsters were
tagged and recaptured at sites ranging from the middle
of Great Bay, 23.0 km from the coast, to Isles of Shoals,
11.2 km offshore. Twenty-six lobsters equipped with
ultrasonic transmitters were tracked for periods ranging
from 2 weeks to > 1 year. Most lobsters moved <5 km
toward the coast, with those furthest inland moving the
greatest distance. Lobsters with transmitters moved in a
sporadic fashion, with residency in one area for 2 to 4
weeks alternating with rapid movement to a new loca-
tion (mean velocity = 0.3 km d™', 1.8 km d™! max.).
Site of release influenced distance moved, but there was
no significant relationship between lobster size and dis-
tance traveled, days at large, or rate of movement. Most
movement into the estuary occurred in the spring, while
during the remainder of the year there was a strong
tendency to move downriver, toward the coast. These
seasonal migrations of estuarine lobsters may enhance
their growth and survival by enabling them to avoid low
salinity events in the spring and fall, and to accelerate
their growth in warmer estuarine waters during the
summer.
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Introduction

Estuarine habitats are characterized by widely fluctuat-
ing daily and seasonal changes in temperature and sa-
linity, and some crustaceans, such as blue and
Dungeness crabs, undergo seasonal migrations which
may optimize their survival and growth (Diamond and
Hankin 1985; Hines et al. 1987; Archambault et al.
1990; Gunderson et al. 1990; Smith and Jamieson 1991).
Females move from estuaries toward the coast, or from
bays to offshore areas, and release larvae; juveniles
move into estuaries during the warmer months: and
males and females move up into the estuary in the
spring, where they molt and mate. Similar patterns have
been observed in other estuarine crabs, suggesting this
life history strategy is adaptive for estuarine crustaceans
(Macropipus holsatus, Venema and Creutzberg 1973;
Scylla serrata, Hyland et al. 1984; reviewed by Herrn-
kind 1983).

The American lobster, Homarus americanus, 1S con-
sidered to be a limited osmoregulator, and thus
restricted to coastal waters (Dall 1970). Each year, in the
Great Bay estuary in New Hampshire the salinity falls
close to, or below, the lethal salinity for adult lobsters
(McLeese 1956). Molting lobsters (Cobb 1976) and lar-
vae (Scarrat and Raine 1967; Charmantier et al. 1987)
are even more susceptible to this osmotic stress. Never-
theless, lobsters are abundant in some estuaries and,
while heavy mortalities occur during years with a large
spring runoff (Thomas and White 1969), it is likely that
they are adapted to withstand the large fluctuations in
salinity occurring during a typical year. A major goal of
the present study was to determine if lobsters undertake
seasonal migrations in order to avoid these intermit-
tently deleterious estuarine conditions.

While periodic low salinity events are stressful, and
occasionally lethal, elevated estuarine temperatures may
be beneficial, because warmer waters enhance growth
and development of eggs, larvae, juveniles, and adults
(Aiken and Waddy 1986). One explanation of the
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migrations of offshore lobsters to coastal waters in the
summer is that they benefit from an increased water
temperature (Saila and Flowers 1968; Cooper and
Uzmann 1971; Pezzack and Duggan 1986; Haakonsen
and Anoruo 1994). Similarly, nearshore lobsters could
enhance their growth and development by moving rel-
atively short distances into warmer estuarine waters
between March and November.

While offshore American lobsters, and spiny lobsters
(Herrnkind 1980), migrate considerable distances,
SCUBA and tag/recapture studies of lobsters in coastal
waters indicate that they seldom move long distances
(reviewed by Krouse 1980; Haakonsen and Anoruo
1994; Lawton and Lavalli 1995). The general view is that
coastal lobsters inhabit shelters during the day, forage at
night, and then return to shelters before dawn (Cooper
and Uzmann 1980; Ennis 1984a). This behavior seldom
results in movement of more than a few kilometers, at
least during the time-frame of most investigations. In
contrast, some studies indicate that coastal lobsters are
capable of moderate to long-distance migrations (Fog-
arty et al. 1980; Ennis 1984b; Campbell and Stasko
1985; Campbell 1986; Estrella and Morrissey 1997),
which are usually correlated with changing seasons and
water temperature.

In the present study we examined the movements of
estuarine lobsters and the relationship between these
movements and changing environmental conditions. We
hypothesized that lobsters use behavioral mechanisms to
avoid the stressful hypoosmotic conditions common in
the spring, and take advantage of the growth and re-
productive benefits offered by higher temperatures in the
summer. The majority of the data presented is consistent
with this hypothesis.

Materials and methods

Great Bay estuarine system

The Great Bay estuarine system in the southeastern corner of New
Hampshire, USA receives fresh water from seven rivers, which
mixes with salt water entering from the western Gulf of Maine
(Fig. 1). The salinity typically ranges from 259, in late summer to
15%, in the spring, and the temperature fluctuates between 0 and
22 °C. In some years, freshwater input is more abundant, due to
heavy rains and snowmelt in the spring and intermittent storms in
the summer and fall (Jury et al. 1995). These low salinity events can
cause salinities in the upper portions of the estuary to fall close to
0%,. The magnitude of temperature and salinity fluctuations varies
as one moves from the coast into the estuary. Near the Coastal
Marine Laboratory at the mouth of the Piscataqua River (Site P,
Fig. 1), the salinity is relatively constant throughout the year, while
23 km up the estuary (Great Bay, Site A) the seasonal fluctuations
are much greater. At each study site with UNH research traps (A,
C, D, H, P, Fig. 1) temperature and salinity (YSI meter Model 33)
were measured every time traps were hauled. Tn 1991, data were
collected from surface and bottom waters. There were always
<2 °C and 29, differences between surface and bottom values, due
to extensive vertical mixing (Loder et al. 1983). Further details
about the Great Bay estuary, and its seasonal variations in tem-
perature and salinity, can be found in Loder et al. (1983), Short
(1992), or at the following Web site: http://ekman.sr.unh.edu/id-
ems/idems_data.html.

Lobster collection and tag/recapture data analysis

Groups of 3 to 5 wire-mesh traps were fished, from April to
November, 1989 to 1995, at five study sites (A, C, D, H, P, Fig. 1).
Traps were hauled two to three times each week, and all lobsters
were measured, examined for sex and molt stage, marked with
sphyrion lobster tags (Floy Co., Seattle, Washington), and released.
Tags were inserted into the cuticle at the junction of the thorax and
abdomen, so they would be retained during molting. Each tag had
a number to identify the lobster and a phone number so lobstermen
could call in returns. Lobstermen were also sent forms, with maps,
so they could return recapture data by mail. Additional sublegal,
ovigerous, and V-notch lobsters were tagged and released aboard
several commercial boats, at locations throughout the estuary,
along the adjacent coast, and at the Isles of Shoals (Site Q).

Results are based on recaptures from 11 143 lobsters tagged and
released between 1989 and 1991 (Table 1). The number of lobsters
tagged and recaptured, in 5 mm size classes based on carapace
length (CL), over the course of the study are shown in Fig. 2. A
total of 234 sublegal lobsters were recaptured on more than one
occasion, resulting in multiple recapture/release events of these
lobsters. Data from these lobsters were treated in two different
ways. First, to make use of these data in the analysis of individual
release/recapture events, we converted each multiple series for a
given lobster into as many single release/recapture events as pos-
sible. Therefore, some analyses of movement trends are based on
1760 tag/recapture events, from 1212 different lobsters. We also
used the data from multiple release/recaptures to test the seasonal
movement hypothesis. If a given lobster moved in the direction
predicted by the hypothesis during each sequential recapture event,
then the data from that lobster were considered to support the
hypothesis. If one or more of the movements were in a direction
opposite to that predicted by the hypothesis, data from that lobster
were considered to contradict the hypothesis.

For some analyses we used only lobsters that moved >0.5 km
(“movers”). For analyses of rates of movement and seasonal
movements we did not use tag/recapture events > 3 months apart,
because it was difficult to determine when lobsters, which had been
at large for longer periods of time, actually moved.

Lobsters tended to move in a linear manner, either upstream or
downstream, because channels in the estuary are fairly narrow
relative to their length. Therefore, the distance a lobster moved was
calculated by subtracting the recapture location from the release
location. The middle of Great Bay, farthest up the estuary (Site A),
was assigned a value of 0 km, and all other distances were deter-
mined relative to this site.

Telemetry

From 1989 to 1991, 26 large lobsters (89.3 + 0.2 mm CL, range 80
to 98 mm) were equipped with ultrasonic telemetry tags, which
transmitted unique coded pulses with a carrier frequency of 75 kHz
(Sonontronics, Tucson,  Arizona). Transmitters (16 mm
diam. x 60 mm in length, weighing 8 g in water) were attached to
the dorsal carapace of lobsters using a combination of duct tape,
velcro, and cyanoacrylate glue. Observations of lobsters in the
laboratory, and in the field using SCUBA, indicated the transmit-
ters did not impede lobster movements or other behaviors. Indi-
vidual lobsters were identified by listening for their coded pulses
with a directional hydrophone and receiver (Sonontronics, Tucson,
Arizona). Ultrasonic tags could be detected at a distance of
approximately 0.5 km, and were capable of transmitting for ap-
proximately 12 months. Lobsters with ultrasonic tags were cap-
tured and released by commercial lobstermen on many occasions;
at least four tagged lobsters were caught in traps more than 6
months after release, with their transmitters still intact.

Three times each week lobsters were located, and their position
was marked on a nautical chart. The distance they moved every 3 d
was calculated by measuring straight-line distances on the chart. We
estimate it was possible to determine changes in position > 50 m.
Because this investigation focused on large-scale movements, the
smallest unit of measurement used in the data analyses was 0.1 km.
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Fig. 1 The Great Bay estuary.
Traps were located at: Nannie
Island (Site A, avg. depth

7.5 m), Fox Point (C, 13.5 m),
Goat Island (D, 12 m), Simplex
Wire (H, 7.5 m), and CML (P,
10.5 m). The areas described as
Great Bay, Little Bay and River
are divided by bold lines. Bot-
tom panels show mean monthly
salinity and temperature along
the coast (data collected at the
Coastal Marine Laboratory,
CML, near Site P, from 1988 to
1993) and in the estuary (data
collected at Jackson Estuarine
Laboratory, JEL, from 1989 to
1995). Note the estuary is sig-
nificantly warmer during the
spring and summer, and has a
lower salinity during most of
the year, especially in the spring
and fall

Statistical analyses

Least squares linear regression analyses were used to determine if
lobster size (CL) affected days at large (DAL), distance traveled,
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and rate of movement, and also to determine if distance traveled
was related to DAL. Curvilinear regression analysis was used to

describe the relationship between DAL and the number of recap-
tures. The non-parametric Kruskal-Wallis test, followed by

Table 1 Homarus americanus. Summary of lobsters tagged and recaptured between 1989 and 1991. Numbers in parentheses indicate the
percentage of the total lobsters in a given year recaptured that number of times

Year No. tagged Number of lobsters recaptured:

1 time (%) 2 times (%) 3 times (%) 4 times (%) 5 times (%) 6 times (%)
1989 3450 320 (9.3) S8 (1.7) 21 (0.6) 7(0.2) 2 (.06) 0
1990 5444 679 (12.5) 148 (2.7) 50 (0.9) 17 (0.3) 2 (.04) 1(.02)
1991 2249 213 (9.5) 28 (1.2) 4 (0.2) 1 (.04) 0 0
1989-1991 11143 1212 (10.9) 234 (2.1) 75 (0.7) 25(0.2) 4 (.04) 1(.01)




68

4000

Lobsters tagged

1000

800 1

600 -

400 -

Lobsters recaptured

200 1

50-55
56-60
61-65
66-70
71-75
76-80
81-85
86-90 | |
91-95
96-100 |

Size class (mm CL)

Fig. 2 Homarus americanus. Size distribution of lobsters A tagged
(n = 11143) and B recaptured (» = 1760), during the study. A total
of 1212 individual lobsters were recaptured, but a portion of these
were recaptured and released multiple times, yielding a total of 1760
recaptures. The size distribution reflects the lobsters available
and selectivity of the traps. Mean size (CL) of tagged lob-
sters = 76.6 = 0.16 mm

Dunn’s multiple comparison test, was used to determine if mean
distances traveled and mean rates of movement differed between
months and locations. This was chosen since the assumptions of
analysis of variance (ANOVA) were not met. Because lobster sizes
within months were normally distributed, we used ANOVA tests to
determine if mean sizes differed between months. However, as
lobster sizes were not normally distributed by location, we used the
non-parametric test (Kruskal-Wallis) followed by Dunn’s multiple
comparison test to determine if mean sizes differed between loca-
tions. Rates of movement of males versus females, and ovigerous
females versus non-ovigerous females were compared using -tests.

Results
Lobsters tagged and recaptured

During the 3-year study 11 143 lobsters were tagged and
released in locations, from the middle of Great Bay (Site
A, Nannie Island) to the New Hampshire coastline (Site
P) and out to the Isles of Shoals (Q). A total of 1212
(10.9%) lobsters were recaptured and included in the
database (Table 1; Fig. 2). Most lobsters were recap-
tured and reported only once, despite the fact that 92%
of the lobsters tagged were sublegal in size (Fig. 2A),
necessitating their immediate release. A total of 234
lobsters were recaptured on more than one occasion,
with one lobster experiencing six recapture/release
events.

Days at large (DAL) and distance moved

Tagged lobsters remained at large for periods ranging =~

from 1 to 863 d (mean DAL = 99.6 d). Most lobsters
(73.4%) were recaptured within 100 d of being released,
while 26.6% remained at large for longer periods
(Fig. 3). The lobster at large the longest was a 72 mm
CL male released at Site F in Little Bay in June 1989 and
recaptured near the Isles of Shoals (20 km from Site F)
in October 1991. The relationship between number re-
captured and DAL is best described by an exponential
decay curve (Fig. 3).

The longer lobsters were at large, the farther
they moved. A least squares linear regression of
kilometers traveled versus DAL, using all recaptures,
showed a significant (P < 0.001) positive relationship
(km = 2.039 + 0.008 DAL). Because many tagged
lobsters did not move at all, there was a great deal of
scatter in the data, so only about 5% of the variation in
distance moved was explained by DAL (R* = 0.03).
When the relationship between distance traveled and
DAL was examined using only lobsters that moved
>0.5 km, there was a similar, significant (P < 0.001)
positive relationship (km = 3.260 + 0.008 DAL), but
again, DAL explained only about 5% of the variation in
distance moved (R> = 0.05).

Effects of lobster size

Linear regression analyses were used to determine if lob-
ster size (CL) influenced distance traveled, DAL, or rate of
movement (Fig. 4). Lobster size explained only 1% of the
variation in distance traveled (Fig. 4A), but the slope of
the least squares linear relationship (—0.05) was signifi-
cantly different than zero (P < 0.001), indicating that
distance traveled decreased with lobster size. A significant
(P < 0.001) inverse relationship was also found between
DAL and lobster size (Fig. 4B). Smaller lobsters remained
at large for longer periods than larger ones, but CL
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Fig. 4 Homarus americanus. Relationships between lobster size and A
absolute distance traveled, B DAL, and C rate of movement. Data in
C are from 717 lobsters recaptured >0.5 km from their point of
release, which were at large <90 d. P-values given in each panel
resulted from testing the null hypothesis that the slope of the
relationship was zero

explained only 8% of the variation in DAL. This is
probably due to trap selectivity. Because smaller lobsters
remained at large for longer periods (Fig. 4B), and be-
cause this could, in turn, affect distance traveled
(Fig. 4A), the relationship between lobster size and mo-
bility was expressed as rate of movement. Using all re-
captures (n = 1760), regardless of distance moved or
DAL, the slope of the linear relationship was positive
(0.09), but not significantly different than zero
(P > 0.05),indicating that lobster size does not affect rate
of movement. The relationship between lobster size and
rate of movement using only lobsters moving > 0.5 km,
and at large for <90 d (n = 717) (Fig. 4C) again showed
that there was no significant relationship between lobster
size and rate of movement (P > 0.05). We conclude that
lobster size has a very slight influence on the distance
lobsters move and DAL, but not on rate of movement.

Movement by location

Some lobsters were recaptured at the same location
(“non-movers”), some were recaptured further up, and
some were recaptured further down the estuary toward
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the coast. At the uppermost estuarine location all re-
captures occurred at the point of release, or further
down the estuary (Fig. 5A). Overall, there was a clear
tendency for estuarine lobsters to move downriver to-
ward the coast. There were significant differences
(Kruskal-Wallis statistic, P < 0.05) between the mean
distances traveled by lobsters released in different re-
gions of the study area, with the exception of the river
and coastal locations (Table 2; Fig. 5B). In four of the
five locations the mean distance traveled by “movers”
(those that moved >0.5 km) was toward the coast.
Lobsters that moved the furthest downriver were cap-
tured and released in Great Bay.

Lobsters in different locations did not have the same
tendency to move (Table 2). At three of the five loca-
tions >50% of the lobsters moved >0.5 km before they
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Fig. 5 Homarus americanus. A Scatter plot of release and recapture
locations (n = 1760). Release locations range from 0 to 40 km,
corresponding to linear distances from the upper estuarine site (Site A,
0 km), to the Isles of Shoals (Site Q) approximately 39 km away.
Recapture locations are similarly depicted. Locations of Sites A, D, H,
P, and Q shown on the x-axis. Horizontal line at 0 km represents no
detectable movement. Negative values indicate lobsters recaptured
further toward the coast, or further offshore, than their release
location (traveled “‘downstream™); positive values represent lobsters
recaptured further up the estuary than their release location (traveled
“upstream”), or toward the coast if they were released offshore.
B Mean (+SEM) distance traveled by lobsters released at different
locations, from the upper estuary (Great Bay) to the Isle of Shoals
(Site Q). Areas Great Bay, Little Bay, River, and Coast delimited by
dark lines in Fig. 1. Positive values, movement into the estuary and
negative values, movement toward the coast. Data provided for
“movers” (traveled 20.5 km), and all lobsters
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Table 2 Homarus americanus. Summary of recapture information
based on release location. Numbers in parentheses are one stan-
dard deviation. For mean distance traveled (km), negative mean
numbers represent movement toward the coast. Movers are defined

as lobsters that moved 20.5 km from their release location. All
locations except Shoals represent more than one site, and these
regions of the estuary are delimited by dark lines on the map in
Fig. 1 (DAL days at large)

Great Bay Little Bay River Coast Shoals
Number recaptured 670 483 275 263 69
Number of movers 378 357 198 113 13
Percent of movers 56.1 73.9 72.0 43.0 18.8
Mean km traveled (movers) -4.254.77) —1.21 (5.20) —2.40 (8.89) -0.96 (7.70) 7.89 (8.32)
Mean DAL (all) 81.3 (104.0) 84.5 (111.0) 173.6 (166.7) 70.5 (106.7) 93.2 (129.3)
Mean DAL gmovers) 89.0 (113.3) 88.9 (108.5) 200.5 (174.9) 101.7 (122.1) 131.7 (129.4)
Mean km d™ (movers) 0.21 (0.77) 0.10 (0.19) 0.16 (0.55) 0.21 (0.37) 0.14 (0.02)
Mean CL (mm) (all) 77.5(0.2) 76.7 (0.3) 71.2 (0.5) 78.1 (0.3) 80.9 (1.0)
Mean CL (mm) (movers) 77.5(5.9) 76.6 (6.1) 71.0 (9.0) 77.4 (5.2) 85.0 (11.0)

were recaptured, with nearly 75% moving at two of
these locations (Little Bay, River). At the Isles of Shoals
only 18.8% of the lobsters moved between release and
recapture, and many of these were recaptured >1 year
after release. In fact, the mean DAL (Table 2) for all
Shoals lobsters (93.2 d) was greater than all but one of
the other locations (River, 173.6 d). These data suggest
that lobster movements are influenced by habitat char-
acteristics.

The mean rate of lobster movement (km d™') varied
significantly between locations (Kruskal-Wallis statistic
(P < 0.001), ranging from 0.1 to 0.21 km d ' (Table 2).
Dunn’s multiple comparison test indicated that Great
Bay lobsters moved significantly faster than those in
Little Bay and the River (P < 0.001), and that Coast
lobsters moved significantly faster than those in Little
Bay (P < 0.001). Isles of Shoals lobsters moved at an
intermediate rate, not significantly different than the rate
of movement of lobsters in any other location
(P > 0.05). Although mean lobster size differed signifi-
cantly (Kruskal-Wallis statistic, P < 0.001) between all
locations (Table 2), it is unlikely that differences in mean
rates of travel were due to differences in lobster size.
Lobsters were largest at the Isle of Shoals, and smallest
in the River area, yet they traveled intermediate dis-
tances relative to lobsters in the other areas. Moreover,
large lobsters did not move significantly faster than
small lobsters, within the size range examined (Fig. 4C).

Seasonal movements

We had insufficient data in the winter to draw reliable
conclusions about movement at this time. The few lob-
sters tagged in the late fall, and recaptured in the early
spring, moved very little, if at all. During the rest of the
year (May to November), there was considerable vari-
ability in the magnitude and direction of movement in
different months (Table 3; Fig. 6). In the early spring
(May), the mean direction of movement was positive (up
estuary). There was relatively little net movement in
June, and from July through October there was a ten-
dency for lobsters to move downriver toward the coast.
Statistical differences in the distance traveled by “mov-

ers” each month (Kruskal-Wallis, Dunn’s multiple
comparison test, P < 0.05) were found between: (1)
lobsters recaptured in May and those recaptured in July,
August, and September; (2) lobsters recaptured in June
and those recaptured in July, August, and September;
(3) lobsters recaptured in July and August; and (4)
lobsters recaptured in August and October. These data
suggest a net movement of lobsters downriver toward
the coast during most months of the year, except during
the spring when there is a tendency to move up into the
estuary.

When all recaptures were considered, the rate of
movement (km d™') was significantly different between
all months (Kruskal-Wallis, Dunn’s multiple compari-
son test, P < 0.001) (Table 3). In May, lobsters moved
an average of 0.14 km d™'. This rate decreased in June,
rose slightly in July, and peaked in August
(0.27 km d™"), when temperature and salinity were the
highest (Fig. 1). Rate of movement slowed in the fall to
levels comparable to those in the spring and early
summer. For lobsters moving >0.5 km, rate of travel
(km d™") was significantly slower (P < 0.05) in June
than in any other month except November, and slower
in July (0.23 km d™') than in August (0.43 km d™})
(P < 0.05) (Dunn’s multiple comparison test). Because
there was no significant difference (ANOVA, P > 0.05)
in the mean CL of lobsters recaptured in different
months (Table 3), it is extremely unlikely that lobster
size affected these seasonal patterns.

Lobsters tagged and recaptured several times

Many sublegal lobsters were captured and released
several times. A total of 234 lobsters were recaptured
twice, 75 three times, 25 four times, 4 five times and 1 six
times. Thus, in 339 instances lobsters were released and
recaptured more than once (Table 1). These lobsters
provided a limited opportunity to “track” the movement
of a specific lobster and to “test” the seasonal movement
hypothesis previously described. In 30 (9%) cases lob-
sters were recaptured at very long or very short intervals,
which precluded drawing any conclusions about sea-
sonal trends. In 40% of the remaining 309 recapture




Table 3 Homarus americanus. Summary of recapture information
based on recapture month. Numbers in parentheses are one stan-
dard deviation. For mean distance traveled (km), negative numbers
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represent movement toward the coast. Movers are defined as
lobsters that moved >0.5 km from their release location. Only
movers at large for <90 d are reported in this table

May Jun Jul Aug Sep Oct Nov
Number recaptured 32 279 297 307 216 128 37
Number of movers 17 186 168 193 88 51 14
Percent of movers 53.1 66.7 56.5 62.9 40.7 39.8 37.8
Mean CL of movers 77.6 (2.3) 77.6 (3.1) 77.7 (6.6) 77.6 (4.7) 76.4 (10.3) 77.7 (5.9) 79.4 (7.9)
Mean km traveled (all) 0.78 (1.82) ~0.13(2.19) -1.10(298) -2.27(6.09) —-0.94(4.19) -0.80 (4.71)  0.18 (4.31)
Mean km traveled 1.43 (2.28) -0.19 (2.69) -1.96 3.77) -=3.60 (7.35) -2.30(6.34) —1.69(6.78)  0.49 (7.16)

(movers)

Mean km d™! (all) 0.14 (0.23) 0.08 (0.15) 0.13 (0.27) 0.27 (1.06) 0.12 (0.44) 0.09 (0.18)  0.12 (0.34)
Mean km d™' (movers) 0.25 (0.26) 0.12 (0.17) 0.23 (0.32) 0.43 (1.31) 0.30 (0.65) 0.22 (0.24)  0.31 (0.49)

events lobsters did not move at all, consistent with data
already presented. Fourteen percent moved in a manner
that could not be assigned a trend. Of the remaining 142
release/recapture events, 87% (123) demonstrated
movement consistent with the hypothesis of an up-es-
tuary migration in the spring followed by down-estuary
movement in the summer and fall. In only 6% (19) of the
cases lobsters moved in directions different from those
predicted by the hypothesis.

Telemetry

A total of 26 lobsters were tracked for an average of
24277 £ 6.1 d (range = 13 to 489, seven lobsters
>1 year). Eighteen were males, because few large fe-
males reside in the upper estuary. Of the eight females,
four were ovigerous.

Movement consisted of intermittent locomotion
punctuated by long periods with little apparent move-
ment (Fig. 7). Lobsters often remained in the same area
for several weeks to months, and then moved about
1 km to a new location. On average lobsters stayed in
one area for 163.6 = 4.8 d (range 0 to 475), or 67% of
the time they were tracked. This pattern differed between
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Fig. 6 Homarus americanus. Seasonal movements of lobsters that
moved 20.5 km, and were at large for <90 d (n = 717). A plot (not
shown) using all lobsters was very similar, but values were reduced
due to the large number of lobsters that moved little between tagging
and recapture. Positive mean distances represent movement into the
estuary relative to release location, while negative distances represent

movement toward the coast. Error bars = standard errors

summer and winter, supporting the contention that
lobsters are less active in winter. During the summer,
lobsters stayed in one area for 29.3 + 1.3 d, while in the
winter periods of decreased mobility they remained
193 + 3.9 d.

S
»;ﬁPiscataqua River

New Hampshire

Great Bay

Fig. 7 Homarus americanus. Movements of two lobsters tracked in
Great Bay estuary with ultrasonic telemetry. One 90 mm CL male
lobster was released 16 August 1990 in the middle of Great Bay.
Subsequent movements indicated by interconnected letters (A—H).
Shortly after release it moved several kilometers downriver to B,
where it remained from 17 to 24 August. It was then localized in the
following areas on dates indicated: C (28-30 Aug), D (4 Sep—17 Oct),
E (21-28 Oct), and F (2 Nov). Between 2 and 9 November it moved
rapidly downriver to Little Bay (G), where it apparently spent the
winter. Early the following spring (Apr) it was captured in
approximately the same area (H). During the 258 d at large it moved
10.5 km, with most movement occurring during a small portion of
that time. The track of the other lobster (98 mm CL male, track
indicated by /-6) illustrates movement downriver in the fall and
upriver in the spring. It was released in the fall (16 Sep 1989) and after
remaining in approximately the same location for 1 month (Location
2, 12 Sep), it was trapped and released again at Location 3 on 6
October. It subsequently moved downriver in late October early
November (Location 4, 11 Nov). The following spring it moved up
into the estuary (Location 5, 12 May 1990; Location 6, 25 May to 1
Jun). The distance traveled was > 4.5 km in 268 d. It may have moved
further, but it was not possible to track from November to March due
to ice and weather restrictions
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On average, lobsters with ultrasonic transmitters
moved 4.68 £ 0.13 km, with several moving >9 km,
and some moving very little. As observed during the tag/
recapture studies, most lobsters (24 of 26, 92%) moved
downriver, 4.13 £ 0.15 km. Many of these were tagged
in the middle of the summer (to avoid losing the tags due
to molting), in the upper regions of the estuary. In
contrast, the few lobsters tracked during the spring
moved slightly upriver.

The average rate of travel for all lobsters tracked was
0.13 km d™'. This calculation includes all days when
lobsters remained in one area. To calculate their velocity
during actual locomotion, while moving from one area
to another, periods of apparent inactivity were excluded
from the analysis. The average corrected rate of travel
for all 26 lobsters was 0.29 + 0.02 km d™'. The
maximum rate observed was 1.82 km d™' by a large
male, which moved 9.1 km downriver in 5 d. Males
(n = 18) and females (n = 8) moved at about the same
rate (0.33 £ 0.09 km d™! males, 0.18 + 0.04 km d~
females, t-test, P = 0.36). Similarly, there was
little difference in the rate of travel of ovigerous
(n = 4) and non-ovigerous (n = 4) mature females
(0.16 + 0.04 km d~' ovigerousfemales,0.22 =+ 0.05 km d™"
non-ovigerous mature females, ¢-test, P = 0.35).

There was a general tendency for lobsters to move up
into the estuary in the spring and early summer, and
downriver, toward the coast, during the summer and fall
(Fig. 7). Lobsters tagged in the summer and fall re-
mained in the general vicinity of their release site during
the summer and moved downriver in the fall. Lobsters
tagged in the spring often moved upriver. Of most in-
terest were the lobsters tracked during the spring and
fall, when they changed their direction of migration.
Five lobsters moved downriver in the fall, overwintered
within the estuary, and then moved back up into the
estuary the following spring (one example shown in
Fig. 7). Two lobsters moved upstream in the spring, and
back downriver in the summer. The overall trend was a
net movement downriver, which was most intense dur-
ing the late summer and fall, and a shorter upward ex-
cursion in the spring. Thus, the results from tracking
individual lobsters using ultrasonic telemetry confirmed
the tag/recapture data obtained from a greater number
of lobsters of a much broader size range.

Discussion

Three types of lobster movements were evident in this
study: local meandering or foraging in one area, medium
distance (0.3 to 1.0 km), rapid excursions to a new lo-
cation, and longer migrations. Previous studies have also
shown that most coastal lobsters are recaptured <5 km
from their site of release after carrying out localized
movements of <0.3 km d™! (reviewed by Krouse 1980;
Stasko 1980; Haakonsen and Anoruo 1994; Lawton and
Lavalli 1995). However, 2% of the lobsters tagged in this
study moved longer distances. For example, one lobster

traveled 49.6 km in 15 d (3.3 kmd™"), 30 traveled
>16 km, and 40 moved >0.8 km d~!. This range of

movements is not uncommon. Dow (1974) reported that »=~

6% of the large lobsters tagged in Penobscot Bay trav-
eled > 100 km; Campbell and Stasko (1985) found that
19.7% of the mature lobsters released along the coast of
Nova Scotia moved >90 km; approximately 10% of the
lobsters Fogarty et al. (1980) released along the coast of
Rhode Island traveled > 35 km; and Krouse (1981) re-
ported that 1% of the lobsters tagged at various loca-
tions along the coast of Maine traveled > 18 km. It is
unclear why some lobsters travel long distances and
others very little, and why in some areas a high per-
centage of lobsters move a great deal while in other re-
gions extensive migration is rare. Estrella and Morrissey
(1997) reported a similar, but more extreme, range of
distances traveled in their study of lobster movements
near Cape Cod, Massachusetts, and they concluded that
the population of lobsters they studied included both
offshore and nearshore lobsters; with the offshore lob-
sters moving the greatest distances. It is unlikely that
many of the lobsters we tracked originated in offshore
waters. A more likely possibility is that lobsters move
more often, and for longer distances, in areas with
suboptimal shelters, food, temperature, or salinity. In
our study lobsters tended to move less in some locations,
such as the Isles of Shoals (> 80% did not move between
tagging and recapture), than in others, such as Little
Bay and the River (26 to 28% did not move). In
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addition, the lobsters that moved the furthest in the

estuary were the ones released in Great Bay, which were
exposed to the most extreme fluctuations in temperature
and salinity.

The advantage of telemetry is that it reveals daily
changes in activity, not just the overall distance moved.
The method revealed that the lobsters in our study
traveled in spurts, remaining in one location for
about 30 d, and then rapidly moving to another area
at 0.26 km d™'. This same pattern (meandering at
0.24 km d' alternating with rapid excursions at
1.2 km d™") has also been observed while tracking
estuarine blue crabs (Hines et al. 1995). The fastest
speed we observed using telemetry was 1.6 km d~', while
one tagged lobster apparently moved 3.4 km d™'. This is
similar to the migratory speeds of large female lobsters
in the Bay of Fundy (2.5 km d™', Campbell and Stasko
1986), but slower than offshore lobsters which move as
fast as 4.2 km d™' (Uzmann et al. 1977). Thus, lobsters
are clearly capable of traveling at rates of 1 to 4 km d™!
over considerable distances, although slower, local
movements are more typical.

For lobsters, the major disadvantages of residency in
an estuary are the metabolic demands imposed by pe-
riodic drops in salinity, and high temperatures
(>20°C). The primary advantage is likely to be
enhanced growth and development in warmer estuarine
waters (Aiken and Waddy 1986) from March through
November. While food, shelter, and other factors are
likely to influence the movements of estuarine lobsters,




temperature and salinity probably have the greatest
impact (Haakonsen and Anoruo 1994). Our working
hypothesis is that seasonal shifts in lobster populations
result from the influences of temperature and salinity on
the behavior of individual lobsters, causing them to
avoid dangerously low salinity in the spring and during
storm events (Jury et al. 1994b, 1995), and to seek areas
as close as possible to their preferred temperature of
16.5 °C (Crossin et al. 1998) throughout the year, in
order to enhance growth and reproduction.

The summer downriver movement of estuarine lob-
sters is most likely a response to high summer temper-
atures, and not declines in salinity. American lobsters
prefer water between 12 and 18 °C, and avoid water
>20 °C (Reynolds and Casterlin 1979; Crossin et al.
1998). If lobsters move in order to occupy their preferred
thermal niche, the expected pattern would be: movement
up into warming estuarine water in the spring, move-
ment downriver from the upper estuary when it exceeds
20 °C during the summer, and then further movement
downriver in the fall, as the estuary becomes cooler than
the coastal waters. This is exactly the pattern emerging
from our field studies. Lobsters outside of estuaries also
appear to carry out seasonal migrations (Ennis 1984b),
and changing water temperatures, or seasonal variations
in turbulence, are thought to be the driving force (Pez-
zack and Duggan 1986; Haakonsen and Anoruo 1994).

The upper regions of the Great Bay estuary are ap-
proximately 5 to 10 °C warmer than coastal waters in
the summer, which has the potential to significantly
enhance growth and development. Our preliminary molt
frequency and size at maturity data support this hy-
pothesis. Warmer water temperatures increased the molt
frequency of the lagoon lobsters investigated by Munro
and Therriault (1983), and Dungeness crabs in warm
bays grow significantly faster than cohorts in coastal
waters (Gunderson et al. 1990). Thus, the thermal
preference of lobsters may have evolved, in part, to drive
them towards warmer water to enhance growth.

The tendency of female lobsters to seek optimal
conditions for incubation and release of larvae may also
explain certain movements and patterns of distribution.
One of the most striking differences between estuarine
and coastal lobster populations is that there are pro-
portionately more males than females in the estuary;
with the greatest deviation from a 1:1 ratio in areas
furthest from the coast (Vetrovs 1990; Howell et al. in
preparation). A similar skewed sex ratio has been re-
ported for lobsters in other estuaries and embayments
(Munro and Therriault 1983; Robichaud and Campbell
1991) and for blue crabs in Chesapeake Bay (Hines et al.
1987). One explanation of why males outnumber females
in estuaries is differential migration of sexually mature
male and female lobsters, with females migrating to-
ward, and remaining at, the coast, where they can release
larvae in a more favorable habitat. Studies of the be-
havior, physiology, and distribution of estuarine lobsters
(Munro and Therriault 1983; Wahle 1993; Jury et al.
1994a, b; Houchens 1996; Crossin et al. 1998; Howell
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ct al. in preparation) have provided considerable data
supporting this hypothesis. However, at the present time
our movement data are equivocal. Lobsters of both
sexes moved comparable distances, at comparable rates,
and their direction of movement (up or down the estu-
ary) was similar. We propose that the behavioral
mechanisms giving rise to the skewed sex ratio in the
Great Bay estuary result from the same type of differ-
ential migrations documented for lobsters in the Iles de
la Madeleine in Canada (Munro and Therriault 1983).
Lobsters of both sexes move out of the estuary in the
fall, and a higher proportion of males return the fol-
lowing spring.

The four ovigerous females we tracked moved short
distances, comparable to the movements of mature
females without eggs (0.16 vs 0.22 km d !, respectively).
A more extensive telemetry study of ovigerous females in
Jeddore Harbour and Clam Bay, Nova Scotia indicated
that they also move very short distances (<1.2 km),
especially in suitable lobster habitat (Jarvis 1989). Two
of the females we tracked increased their activity shortly
after releasing their larvae. One traveled very little for
several months, then suddenly moved downriver, and
when it was captured most of the eggs had hatched.
Another female exhibited increased mobility just after
the predicted time of hatching, based on staging of eggs
when the transmitter was attached. A similar correlation
between locomotion and hatching has been reported for
offshore lobsters (Saila and Flowers 1968). However,
these data contrast with studies showing that some
ovigerous lobsters are very active. In coastal Canadian
waters, ovigerous females carried out relatively short,
seasonal, inshore-offshore migrations, in an apparent
effort to maximize egg development through exposure to
higher temperatures (Campbell 1986), and along the
coast of Cape Cod, ovigerous females moved the far-
thest of all groups studied (30.3 km, 0.95 km d!, Estr-
ella and Morrissey 1997).

Although earlier studies (McLeese and Wilder 1958;
Reynolds and Casterlin 1979) suggest that lobster loco-
motion increases at higher temperatures, our data are
somewhat ambiguous on this issue. Despite the wide
range of temperatures experienced by the lobsters in this
study, the average distance traveled in different months
was fairly constant, and the relationship between tem-
perature and locomotion was not strong. For example,
between May and July the average temperature in-
creased from 12 to 22 °C (Fig. 1), yet there was no sig-
nificant increase in rate of locomotion (Table 3). The
only clear increase occurred in August, typically the
warmest month. It is not clear whether increased mo-
bility in August is due to the direct influence of tem-
perature on metabolism, behaviors associated with
molting, or avoidance of water warmer than 20 °C
(Crossin et al. 1998).

The behavioral responses of lobsters to salinity may
also have an impact on their distribution and abun-
dance. Lobsters exhibit aversive movements in response
to experimental reductions in salinity, moving out of
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their shelters when salinity in the shelter is <12%, (Jury
et al. 1994b). This suggests that in the field lobsters will
move downriver when runoff reduces the salinity below
129,. In fact, when Hurricane Bob caused a significant
drop in salinity in the estuary, lobsters moved toward
the coast into deeper, higher salinity water (Jury et al.
1995). We have also found that while lobsters moved
upriver in the spring, they typically did not appear in
Great Bay until after the salinity became >15%, in June
(unpublished catch data), suggesting that while warmer
water drives them upriver, low salinities in the spring
slow their progress. Similar complex interactions prob-
ably take place in the fall as well. In order to reach a

management of lobsters. Vol. 2. Academic Press, New York, pp
97-142

Crossin G, Jury SH, Watson WH IIT (1998) Behavioral thermo-
regulation in the American lobster, Homarus americanus. J exp
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J Fish Res Bd Can 27: 1123-1130

Diamond N, Hankin DG (1985) Movements of adult female
Dungeness crabs (Cancer magister) in northern California
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estuaries it is important to determine how lobsters re-
spond to seasonally relevant, simultancous changes in
temperature and salinity.

Acknowledgements We extend special thanks to the faculty and
staff’ of the Zoology Department, Jackson Estuarine Laboratory,
and the Coastal Marine Laboratory of the University of New
Hampshire. In particular we thank R. Langan for providing tem-
perature and salinity data and continuously aiding us with our
boats, S. Jury for his assistance with the research and a critical
review of the manuscript, C. Maguire for crunching numbers, and
the members of the original Ocean Projects Lobster Track and
Field team who were responsible for the pilot work on this project.
We are also indebted to the students who pulled traps, tagged
lobsters, and entered thousands of numbers into the computer
during the past 7 years. This work would not have been possible
without the help of the New Hampshire lobstermen who provided
the tag/recapture data. Finally, we appreciate the suggestions of
several anonymous reviewers which significantly improved the final
version of this manuscript. This work was supported by NOAA
(Sea Grant) and USDA (Hatch) grants to W.H. Watson and W.H.
Howell. This is Contribution No. 341 of the Center for Marine
Biology/Jackson Estuarine Laboratory series.

References

Aiken DE, Waddy SL (1986) Environmental influence on recruit-
ment of the American lobster, Homarus americanus: a per-
spective. Can J Fish aquat Sciences 43: 2258-2270

Archambault JA, Wenner EL, Whitaker JD (1990) Life history and
abundance of blue crab, Callinectes sapidus Rathbun, at
Charleston Harbor, South Carolina. Bull mar Sci 46: 145-158

Campbell A (1986) Migratory movements of ovigerous lobsters,
Homarus americanus, tagged off Grand Manan, eastern Cana-
da. Can J Fish aquat Sciences 43: 2197-2205

Campbell A, Stasko AB (1985) Movements of tagged American
lobsters, Homarus americanus, off southwestern Nova Scotia.
Can J Fish aquat Sciences 42: 229-238

. Campbell A, Stasko AB (1986) Movements of lobsters (Homarus

americanus) tagged in the Bay of Fundy, Canada. Mar Biol 92:
393-336

Charmantier G, Charmantier-Daures M, Boouaricha N, Thuet LP,
Aiken DE, Trilles JP (1987) Ontogeny of osmoregulation and
salinity tolerance in two decapod crustaceans: Homarus
americanus and Penaeus japonicus. Biol Bull mar biol Lab,
Woods Hole 175: 102-110

Cobb JS (1976) The American lobster: the biology of Homarus
americanus. Univ Rhode Isl mar tech Rep Ser 48: 1-32

Cooper RA, Uzmann JR (1971) Migrations and growth of deep-sea
lobsters, Homarus americanus. Science 171: 288-290

Cooper RA, Uzmann JR (1980) Ecology of juvenile and adult
Homarus. In: Cobb JS, Phillips BF (eds) The biology and

American lobster, Homarus americanus, tagged along the eastern
shore of Cape Cod, Massachusetts. Fish Bull US 95: 466-476
Fogarty MJ, Borden DVD, Russell HJ (1980) Movements of tag-
ged American lobster, Homarus americanus, off Rhode Island.
Fish Bull US 78: 771-780

Gunderson DR, Armstrong DA, Yun-Bing S, McConnaughey RA
(1990) Patterns of estuarine use by juvenile English sole (Par-
ophrys vetulus) and Dungeness crab (Cancer magister). Estuar-
ies 13: 59-71

Haakonsen HO, Anoruo AO (1994) Tagging and migration of the
American lobster Homarus americanus. Rev Fish Sci 2(1): 79-93

Herrnkind WF (1980) Spiny lobsters: patterns of movement. In:
Cobb IS, Phillips BF (eds) The biology and management of
lobsters. Vol. 1. Physiology and behavior. Academic Press, New
York, pp 349407

Herrnkind WF (1983) Movement patterns and orientation. In: Ve-
rnberg FJ, Vernberg WB (eds) The biology of Crustacea. Vol. 7.
Behavior and ecology. Academic Press, New York, pp 41-96

Hines AH, Lipcius RN, Haddon AM (1987) Population dynamics
and habitat partitioning by size, sex, and molt stage of blue
crabs (Callinectes sapidus) in a subestuary of central Chesa-
peake Bay. Mar Ecol Prog Ser 36: 55-64

Hines AH, Wolcott TG, Gonza lex-Gurriara n E, Gonza lex-Esc-
alante JL, Freire J (1995) Movement patterns and migrations in
crabs: telemetry of juvenile and adult behaviour in Callinectes
sapidus and Maja squinado. J mar biol Ass UK 75: 27-42

Houchens CR (1996) A comparison of the osmoregulatory capa-
bilities of estuarine and coastal populations of the American
lobster, Homarus americanus. MS thesis, University of New
Hampshire, Durham

Hyland SJ, Hill BJ, Lee CP (1984) Movement within and between
different habitats by the portunid crab Scylla serrata. Mar Biol
80: 57-61

Jarvis C (1989) Movement patterns of late-stage ovigerous female
lobsters (Homarus americanus Milne-Edwards) at Jeddore,
Nova Scotia. MS thesis, Dalhousie University, Halifax, Nova
Scotia, Canada

Jury SH, Howell WH, Watson ITI WH (1995) Lobster movements
in response to a hurricane. Mar Ecol Prog Ser 119: 305-310

Jury S, Kinnison MT, Howell WH, Watson III WH (1994a)
Metabolic responses of lobsters exposed to reduced salinity.
J exp mar Biol Ecol 176: 167-185

Jury S, Kinnison MT, Howell WH, Watson 1T WH (1994b) The
behavior of lobsters in response to reduced salinity. J exp mar
Biol Ecol 180: 23-37

Krouse JS (1980) Summary of lobster, Homarus americanus, tag-
ging studies in American waters (1898-1978). Can tech Rep
Fish aquat Sciences 932: 135-140

Krouse JS (1981) Movement, growth, and mortality of American
lobsters, Homarus americanus, tagged along the coast of Maine.
NOAA (Natn Ocean Atmos Adm) tech Rep NMFS (Natn Mar
Fish Serv) SSRF (Spec Scient Rep Fish) NMFS SSRF-747

Loder TC, Love JA, Penniman CE, Neefus CD (1983) Long term
environmental trends in nutrient and hydrographic data from
the Great Bay Estuarine System, New Hampshire-Maine.




UNH-MP-D/TR-SG-83-6, UNH Mar Prog, University of New
Hampshire, Durham

Lawton P, Lavalli KL (1995) Postlarval, juvenile, adolescent, and
adult ecology. In: Factor JR (ed) Biology of the lobster Ho-
marus americanus. Academic Press, New York, pp 47-81

McLeese DW (1956) Effects of temperature, salinity and oxygen on
the survival of the American lobster. J Fish Res Bd Can 13:
247-272

McLeese DW, Wilder DG (1958) The activity and catchability of
the lobster (Homarus americanus) in relation to temperature.
J Fish Res Bd Can 15: 1345-1354

Munro J, Therriault J-C (1983) Migrations saisonnieres du homard
(Homarus americanus) entre la cote et les lagunes des Iles-de-la-
Madeleine. Can J Fish aquat Sciences 40: 905-918

Pezzack DS, Duggan DR (1986) Evidence of migration and hom-
ing of lobsters (Homarus americanus) on the Scotian shelf. Can
J Fish aquat Sciences 43: 2206-2211

Reynolds WW, Casterlin ME (1979) Behavioral thermoregulation
and activity in Homarus americanus. Comp Biochem Physiol
64A: 25-28

Robichaud DA, Campbell A (1991) Annual and seasonal size—
frequency changes of trap-caught lobsters (Homarus americ-
anus) in the Bay of Fundy. J northw Atlant Fish Sci 11: 29-37

Saila SB, Flowers JM (1968) Movements and behavior of ber-
ried female lobsters displaced from offshore areas to Narra-
gansett Bay, Rhode Island. J Cons perm int Explor Mer 31:
342-351

75

Scarratt DJ, Raine GE (1967) Avoidance of low salinity by
newly hatched lobster larvae. J Fish Res Bd Can 24(6): 1403—
1406

Short FT (ed) (1992) The ecology of the Great Bay Estuary, New
Hampshire and Maine: an estuarine profile and bibliography.
NOAA-Coastal Ocean Program Publ, 222 p

Smith BD, Jamieson GS (1991) Movement, spatial distribution,
and mortality of male and female Dungeness crab Cancer
magister near Tofino, British Columbia. Fish Bull US 89:
137148

Stasko AB (1980) Tagging and lobster movements in Canada. Can
tech Rep Fish aquat Sciences 932: 141-150

Thomas MLH, White GN (1969) Mass mortality of estuarine
fauna at Bideford P.E. associated with abnormally low salini-
ties. J Fish Res Bd Can 26: 701-704

Uzmann JR, Cooper RA, Pecci KJ (1977) Migration and disper-
sion of tagged American lobsters, Homarus americanus, on the
southern New England continental shelf. NOAA tech Rep
NMEFS SSRF-705

Venema SC, Creutzberg F (1973) Seasonal migration of the
swimming crab Macropipus holsatus in an estuarine area con-
trolled by tidal streams. Neth J Sea Res 7: 94-102

Vetrovs A (1990) The distribution of lobsters (Homarus americ-
anus) in the Great Bay Estuary. MS thesis, University of New
Hampshire, Durham

Wahle RA (1993) Recruitment to American lobster populations
along an estuarine gradient. Estuaries 16: 731-738




