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INTRODUCTION

Cape Cod Bay is a semi-enclosed embayment that
forms the southern part of Massachusetts Bay (see
Fig. 1). Like most coastal ecosystems, it is a very produc-
tive region with a high degree of seasonal and interan-
nual variability in both physical and biological character-
istics (Toner 1984, Geyer et al. 1992, Turner 1994). This
region has become the focus of attention recently be-
cause of its use as a feeding ground by the North Atlantic
right whale Eubalaena glacialis, a species considered to
be the most endangered large cetacean. With only ap-
proximately 300 individuals remaining in the population

in combination with an estimated negative population
growth rate, the North Atlantic right whale is in serious
danger of extinction (Caswell et al. 1999, Kraus et al.
2001, Fujiwara & Caswell 2001, IWC 2001). 

It is important to understand the factors governing
the productivity of the feeding grounds of right whales
because environmental factors such as inadequate
nutrition may be affecting the survival of this species
(Best et al. 2001, Cooke et al. 2001, IWC 2001). Despite
the inherent physical variability of the waters of Cape
Cod Bay, this region has consistently yielded a food
resource adequate to attract roughly one-fourth of the
population of North Atlantic right whales during the
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winter and early spring (Brown et al. 2002). This, how-
ever, changed in 2002. Based on aerial survey data col-
lected since 1998, both the number of right whales
observed in the bay and their total residency time de-
clined dramatically in 2002 compared to all other years
(Brown et al. 2002, 2003).

Previous studies have shown the importance of the
abundance and quality of the food resource in determin-
ing right-whale distribution (Murison & Gaskin 1989,
Mayo & Marx 1990, Wishner et al. 1995, Baumgartner et
al. 2003). Right whales feed primarily on calanoid cope-
pods, particularly the lipid-rich, older developmental
stages of Calanus finmarchicus (Murison & Gaskin 1989,
Wishner et al. 1995, Baumgartner et al. 2003), although
other species such as Centropages typicus and Pseudo-
calanus moultoni are also targeted by the whales in
Cape Cod Bay (Mayo & Marx, 1990). Because the food
resource is thought to be the main factor that attracts the
right whales to the bay each winter (Mayo et al. 2001,
2002), understanding the factors affecting this food re-
source is vital to understanding the interannual variabil-
ity in the right whales’ use of the bay.

The Cape Cod Bay–Massachusetts Bay region is influ-
enced both by events in the offshore waters of the Gulf of
Maine and by more coastal waters moving through the
inshore waters of Massachusetts Bay into Cape Cod Bay
(Signell et al. 2000). Additionally, there is a strong sea-
sonal cycle in the physical environment of Cape Cod
Bay. During the fall and winter months, winds
are generally from the NW and are stronger
and more variable than the SW winds of spring
and summer (Geyer et al. 1992). The tempera-
ture, salinity, and stratification of the bay wa-
ters are affected by these events and will thus
change with season.

The zooplankton assemblage of Cape Cod
Bay likewise exhibits a strong seasonal cycle.
In terms of biomass 3 of the dominant species
are the copepods Centropages typicus,
Pseudocalanus moultoni and Calanus fin-
marchicus (Mayo et al. 2000). Of these, Cen-
tropages typicus and P. moultoni are more
closely associated with coastal waters (Smith
& Lane 1988, Frost 1989, Davis & Alatalo 1992,
Durbin 1997, Kane 1999, Bucklin et al. 2001)
and are present year-round in Cape Cod Bay
(Toner 1984, Turner 1994). Calanus fin-
marchicus is considered to be an oceanic spe-
cies and does not occur year-round in the bay
(Toner 1984, Turner 1994), but enters a state of
diapause for part of the year in the colder,
deeper, offshore waters (Bigelow 1926). Al-
though there is overlap among these 3 species,
there is separation in the period of peak abun-
dance of each. Typically, Centropages typicus

and P. moultoni are more abundant and comprise the
fall and winter food resource for the right whales, while
Calanus finmarchicus comprises their food resource in
early spring (Mayo & Marx 1990).

In this study, the interrelatedness of the physical
environment (wind stress, hydrography) and the zoo-
plankton assemblage (abundance, composition) of
Cape Cod Bay was investigated over the course of four
years. These data were further analyzed in the context
of the right whales’ use of the bay to investigate the
possible factors leading to the virtual abandonment of
this feeding ground during 2002. 

MATERIALS AND METHODS

Data collection and processing. Data were collected
during cruises aboard the RV ‘Shearwater’ from
December 1999 through May 2003. Beginning in
December and continuing through May of each year,
sampling was carried out approximately once a week
(weather permitting) at stations previously established
by the Center for Coastal Studies (Fig. 1), as well as
opportunistically in the presence of right whales
Eubalanea glacialis. All stations were not sampled
during each cruise, but several were sampled fre-
quently during the course of the year, providing ade-
quate data on spatial and temporal variation (Table 1).
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Fig. 1. Location of
Cape Cod Bay relative
to Gulf of Maine.
Enlargement of south-
ern Gulf of Maine
shows locations of 19
standard stations sam-
pled in Cape Cod Bay 

and Boston Buoy
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A Seabird SBE 19 conductivity-temperature-depth
(CTD) recorder was used to measure temperature
and salinity of the water column at each station. Zoo-
plankton samples were collected coincident with
CTD casts by towing a 333 µm mesh conical net (30
cm diameter opening) horizontally in the upper 1 m
of the water column. The net was equipped with a
General Oceanics helical flow meter to determine
volume filtered. The net was towed for approximately
5 min at a speed of 1.5 m s–1. Samples were pre-
served in 5% buffered formalin for later enumeration.
On return to the laboratory, zooplankton samples
were diluted to a known volume and then subsam-
pled with a 1 or 2 ml Hensen Stemple pipet. Using a
dissecting microscope, organisms were identified to
species and stage when possible. Sufficient subsam-
ples were counted to enable at least 300 organisms
per sample to be identified. Counts were converted to
organisms m–3.

The zooplankton assemblage was dominated by
3 species during this study: Centropages typicus, Pseu-
docalanus moultoni and Calanus finmarchicus. Cen-
tropages typicus was staged as female, male or co-
pepodid, and all 6 stages (Copepodid I, II, III, IV, V,
and adult) of Calanus finmarchicus were counted
separately. P. moultoni was not staged consistently
throughout the study. 

Data on wind speed and direction were obtained
from the Boston Buoy, ID 44013, located 30 km east of
Boston. This buoy is part of a network of buoys main-
tained by the National Data Buoy Center (NDBC), an
agency within the National Weather Service (NWS) of
the National Oceanic and Atmospheric Administration
(NOAA). The data recorded at the buoy are archived
and made available online by the NOAA Marine Envi-
ronmental Buoy Database. 

Data analysis. Wind data: The averaging technique
for wind speed and direction for each time interval of
interest followed that of the NDBC. The average wind
speed (U) was calculated as a simple scalar average: 

U = ΣUi / N

Where Ui is the instantaneous wind speed and N is the
number of observations. Variation among years and

among months of each year was determined using a
1-way analysis of variance (ANOVA). 

The average wind direction was calculated as a unit-
vector average, with the length of the vector equal to 1
and the orientation of the vector equal to the observed
wind direction, using the following equations:

Ve = Σ[Uisin(Ai)]/N

Vn = Σ[Uicos(Ai)]/N

AV = arctan(Ve/Vn)

Where Ui is the instantaneous wind speed (= 1), Ai is
the instantaneous wind direction, N is the number of
observations, Ve is the mean E–W component of the
wind, Vn is the mean N–S component of the wind, and
AV is the resultant mean wind direction.

Possible correlations between average weekly zoo-
plankton abundance (Centropages typicus, Pseudo-
calanus moultoni, Calanus finmarchicus and total
zooplankton) and average weekly wind speed were
also examined using a cross-correlation analysis with
variable lag times. 

Physical data: The CTD data from all stations were
used to examine patterns in surface hydrography.
Although CTD casts recorded data throughout the
entire water column, only surface data were analyzed.
Surface CTD data provided information on the physi-
cal environment from which the surface zooplankton
tows were collected. Also, since the waters were well-
mixed during the major part of the study period (Geyer
et al. 1992), surface data accurately represent the
physical environment of Cape Cod Bay. From the per-
spective of evaluating the feeding environment of the
whales, we focused on surface data because of the
relatively high frequency with which right whales
skim-feed on the surface in Cape Cod Bay. Although
feeding at depth is also thought to occur, observations
and data collections are not as exact as when the
whales are feeding at the surface. The surface zoo-
plankton samples and associated environmental data
unequivocally capture the conditions to which the
whales are exposed while feeding at the surface. 

Temperature and salinity data collected in the top
1.5 m were analyzed for differences among years and
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Year Station no.
LP 5N 5S 5SX 6N 6M 6S 6SX 7N 7M 7S 7SX 8N 8M 8S 8SX 9N 9M 9S Other

2000 25 6 9 1 5 13 8 5 2 7 4 5 1 3 1 4 0 1 1 25
2001 21 4 13 6 11 11 13 1 5 7 1 5 4 1 0 4 0 0 5 45
2002 16 7 13 4 10 11 16 6 7 9 1 6 5 0 4 4 1 0 3 8
2003 21 6 19 4 8 15 11 3 10 6 9 3 10 9 5 1 0 0 7 11
Total 83 23 54 15 34 50 48 15 24 29 15 19 20 13 10 13 1 1 16 89

Table 1. Number of zooplankton samples taken from each station in Cape Cod Bay during each sampling year. Other: stations
opportunistically sampled in the presence of right whales
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among months using 1-way ANOVA. Surface temper-
ature and salinity values were plotted (T–S plots) for 6
of the standard stations to examine temporal (seasonal
and interannual) and spatial variability of different
water masses present in the bay. Density was calcu-
lated from temperature and salinity values recorded
throughout the entire water column. The difference
in the minimum and maximum values of density
(sigma-t) in the water column from each cast was used
as an index of the degree of stratification and analyzed
for monthly and yearly variation. Additionally, cor-
relation coefficients were calculated between zoo-
plankton abundance (for each species and for total
zooplankton) and each environmental factor (surface
temperature, surface salinity, degree of stratification).
This was accomplished using MATLAB’s corrcoef
function to calculate a normalized measure of linear
relationship strength between these variables (Math-
Works 2000).

Zooplankton: Variability in total zooplankton abun-
dance and abundance of the 3 prevalent species (Cen-
tropages typicus, Pseudocalanus moultoni, Calanus
finmarchicus) was analyzed for differences among
years, within years, and among months using 1-way
ANOVA. ANOVA was also used to compare, among
years, the average proportion of each stage comprising
the population on each sampling date for Centropages
typicus and Calanus finmarchicus. Correlations among
species were examined as described above.

Multivariate analysis: We employed 2 different
types of multivariate analyses to investigate the inter-
relatedness of the variables measured in this study. All
data (wind speed, wind direction, surface temperature,
surface salinity, stratification, abundances of Cen-
tropages typicus, Pseudocalanus moultoni and
Calanus finmarchicus) were converted to weekly aver-
ages so that data could be matched both temporally
and spatially. For example, zooplankton samples were
collected approximately once a week at several
stations throughout the bay. Wind data were recorded
hourly at 1 location. To have corresponding wind

and zooplankton data, all data collected during a 7 d
period were averaged and these averages represented
1 wk. Each sampling period covered 26 wk (December
1 to May 31).

A cluster analysis was done on the weekly averages
of wind speed, wind direction, temperature, salinity,
stratification and abundance of the 3 copepod species.
All data were standardized and a similarity matrix was
calculated using the Bray-Curtis index of similarity.

To tease out the possible associations between the
environmental conditions and biological patterns, a
BIO-ENV procedure was used (Clarke & Warwick
2001). In this analysis, the environmental variables
(wind speed and direction, surface salinity and tem-
perature, degree of stratification) were separated from
the biological (abundance of Centropages typicus,
Pseudocalanus moultoni, and Calanus finmarchicus).
Draftsman plots of the variables were done to reveal
any multivariate normality. A similarity matrix of each
of the prevalent zooplankton species was calculated
using Euclidean distance. For the environmental data,
similarity matrices using normalized Euclidean dis-
tance were calculated for each of the possible com-
binations of environmental variables. A measure of
agreement between the 2 similarity matrices (the fixed
biological matrix and each of the possible environmen-
tal matrices) was determined by rank-correlating the
matching elements in the 2 matrices using a standard
Spearman rank correlation.

RESULTS 

Wind data 

A comparison of wind data averaged over the entire
sampling period (December to May) indicated that
wind speeds varied significantly among years
(Table 2). Compared to the other 3 yr, 2002 had much
lighter winds throughout the study (Fig. 2a). A compar-
ison among years of individual months also indicated
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Parameter By year By month
December January February March April May

Wind speed <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Temperature <0.001 <0.001 <0.001 <0.001 <0.001 0.018 <0.001
Salinity <0.001 0.411 0.991 <0.001 0.003 <0.001 <0.001
Stratification <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
Centropages typicus 0.054 0.019 0.086 0.012 0.105 0.188 0.033
Pseudocalanus moultoni 0.013 0.200 <0.001 0.044 0.127 0.039 0.06
Calanus finmarchicus 0.054 N/A 0.858 0.246 0.219 0.038 0.019
Total zooplankton <0.001 0.038 0.015 0.018 0.035 0.032 0.067

Table 2. Statistical differences (p-values) calculated using ANOVA for comparisons among years and between months of study 
period. Significant values in boldface
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significant differences for all months (Table 2). There
was typically a decrease in wind speed in spring (April,
May) versus winter (December to March) (Fig. 3).
Although this was observed for all years, in 2002 the
decrease was not as dramatic due to lower than aver-
age winter winds and higher than average spring
winds. For 2000, 2001 and 2003, winds decreased on
average approximately 4 m s–1 from winter to spring.

For 2002 the decrease was less than 2 m s–1 over the
course of the sampling period.

The year 2002 also differed with respect to the direc-
tion of winds, especially during the winter months
(Fig. 4). Mean monthly wind direction was more often
from the SW during 2002 compared to other years. The
average direction for all winter months (December,
January, February) of the 2002 sampling period was
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SW, whereas for all other years the aver-
age direction of winter winds was NW.
Average direction of winds during the
spring months (April, May) was variable.

Total zooplankton abundance did not
show a strong relationship with wind speed
(Fig. 5a). This relationship was confounded
by a number of factors, in particular be-
cause cruises were weather-dependent and
sample collection was biased towards pe-
riods of lighter winds. Additionally, different
species showed different relationships
with wind speed (Fig. 5b–d). For all years,
Centropages typicus showed a positive cor-
relation with wind speed at variable lag
times, Calanus finmarchicus showed a
negative correlation, and there was no
relationship between Pseudocalanus
moultoni and wind speed at any lag time.

Changes in wind direction from one year
to the next in relation to zooplankton
abundance were also analyzed. As men-
tioned above, 2002 appeared different
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from other years, having more of a southerly influence
during the winter than is typically observed. Zooplank-
ton abundance was also lower during this year, as will
be discussed later.

Physical data

Temperature

There were significant differences among years in
surface temperatures measured in Cape Cod Bay
(Table 2). The year 2002 was significantly warmer than
2000 and 2001, while 2003 was significantly cooler
(Figure 2b). This is also reflected in the monthly aver-
ages among the four years of the study, with 2002 aver-
age monthly temperatures generally higher and 2003
generally lower than during the first 2 yr (Fig. 6a). The
temperature change over the course of the sampling
period was least in 2002, increasing by only 6.7°C, and
greatest in 2003, increasing by almost 9°C.

Surface salinity

Yearly, average surface salinities differed signifi-
cantly among years (Table 2, Fig. 2c). There were no
significant differences among years in December and
January (Table 2). The range in salinity among years
began to increase during the late winter months, and
was largest during spring (Fig. 6b). The least change in

salinity over the course of the sampling period was in
2002, with salinity values remaining lowest in Febru-
ary and March.

Stratification

The degree of stratification varied significantly among
years (Table 2, Fig. 2d). Comparisons among years of
average monthly stratification showed significant differ-
ences in all months except December (Table 2). Degree
of stratification typically increased over the course of the
sampling period, with the strongest degree of strati-
fication occurring during May 2003 (Fig. 6c).

Correlations with zooplankton abundance

In all years, surface values for temperature and salin-
ity were negatively correlated with each other (Table
3). This was expected because, as the season progres-
ses, temperatures increase, and snowmelt increases
freshwater inflow, decreasing the surface salinity. Si-
milarly, as the season progresses, the water column
becomes increasingly stratified, explaining the posi-
tive correlation of stratification with temperature and
the negative correlation with salinity. 

Calanus finmarchicus abundance was positively
correlated with temperature, negatively correlated
with salinity, and positively correlated with stratifica-
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tion. Typically this species does not appear in Cape
Cod Bay waters until early spring, and so should be
associated with warmer, lower-salinity surface waters
that are just beginning to become stratified (Fig. 7a).
Abundance of Pseudocalanus moultoni did not show
any strong correlations, positive or negative, with
temperature, salinity, or stratification. This species is
found throughout the year in moderate numbers and
is therefore more of a euryhaline, eurythermal species
(Fig. 7b). In direct contrast to Calanus finmarchicus,
abundance of Centropages typicus was negatively
correlated with temperature and positively correlated

with salinity. This species is a late-fall, early-winter
species, and would be expected to be associated with
cooler, higher-salinity waters with little stratification
(Fig. 7c). The correlation of physical characteristics
and total densities of zooplankton varied among
years, depending on which species contributed most
to the zooplankton assemblage. For example, in 2000,
Centropages typicus contributed most (correlation
coefficient with total zooplankton = 0.83), and there-
fore total zooplankton was associated with character-
istics similar to that of this species, i.e. cooler tempera-
ture, higher salinity.
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Spatial and temporal variation

Temperature–salinity plots from several of the sta-
tions (LP, 5S, 6M, 6N, 6S, 7M) indicated that the bay
was spatially homogenous in that T–S characteristics
were similar at all stations (Fig. 8). Temporally,
however, at these stations there was considerable
variation, both during each year and among all 4 yr.
Warming and freshening of the surface waters
occurred at all stations as the year progressed. Interan-
nual variation was observed, particularly during the

month of February, when water mass properties
during 2002 were both warmer and fresher than in the
other years of this study.

Zooplankton

Total zooplankton and Pseudocalanus moultoni
abundances varied significantly among years, abun-
dances of Centropages typicus and Calanus finmarchi-
cus did not (Table 2, Fig. 2e–h). A comparison of the
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Characteristic Temperature Salinity Calanus Pseudocalanus Centropages Total Stratifi-
finmarchicus moultoni typicus zooplankton cation

All data (2000–2003)
Temperature 1.00
Salinity –0.59 1.00
C. finmarchicus 0.25 –0.23 1.00
P. moultoni 0.01 0.02 0.34 1.00
C. typicus –0.14 0.14 –0.05 0.34 1.00
Total zooplankton –0.01 0.02 0.44 0.73 0.77 1.00
Stratification 0.56 –0.60 0.22 –0.03 –0.12 –0.03 1.00

2000
Temperature 1.00
Salinity –0.58 1.00
C. finmarchicus 0.31 –0.18 1.00
P. moultoni 0.06 0.11 0.38 1.00
C. typicus –0.23 0.21 –0.05 0.38 1.00
Total zooplankton –0.04 0.14 0.42 0.76 0.83 1.00
Stratification 0.56 –0.52 0.18 –0.03 –0.15 –0.06 1.00

2001
Temperature 1.00
Salinity –0.76 1.00
C. finmarchicus 0.31 –0.37 1.00
P. moultoni –0.03 –0.05 0.13 1.00
C. typicus –0.25 0.23 –0.13 0.17 1.00
Total zooplankton –0.03 –0.05 0.38 0.60 0.47 1.00
Stratification 0.76 –0.72 0.29 0.05 –0.28 0.00 1.00

2002
Temperature 1.00
Salinity –0.36 1.00
C. finmarchicus 0.48 –0.48 1.00
P. moultoni –0.35 0.09 –0.17 1.00
C. typicus –0.09 0.05 –0.10 0.49 1.00
Total zooplankton 0.16 –0.30 0.49 0.55 0.72 1.00
Stratification 0.58 –0.38 0.48 –0.35 –0.18 0.04 1.00

2003
Temperature 1.00
Salinity –0.78 1.00
C. finmarchicus 0.35 –0.36 1.00
P. moultoni 0.13 –0.13 0.52 1.00
C. typicus –0.26 0.22 –0.22 –0.09 1.00
Total zooplankton 0.15 –0.18 0.71 0.88 0.21 1.00
Stratification 0.72 –0.64 0.27 –0.04 –0.31 –0.03 1.00

Table 3. Correlation coefficients for relationships between physical and biological characteristics. Significant correlations 
(p < 0.05) in boldface
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abundance of each species of zooplankton averaged
over each month of the study period yielded significant
differences among years for most species (Table 2).
Exceptions to this occured primarily when the species
were not very abundant. 

During each of the four years of the study, a seasonal
progression in the dominant species of zooplankton
was observed (Fig. 9). Centropages typicus occurred
during the early part of the sampling period (Decem-
ber to February), followed by peak abundances in
Pseudocalanus moultoni during late winter and into
early spring (February to April), and finally Calanus
finmarchicus, which was strongest during the spring
months (April to May). Despite the seasonal trends,
there was some overlap among these species, as is

seen in the positive correlations
between Centropages typicus and P.
moultoni and between P. moultoni and
C. finmarchicus (Table 3).

Staging of Centropages typicus and
Calanus finmarchicus allowed a limited
examination of the age structure of
these populations during the 4 years.
Due to the large size of the mesh used
in sampling (333 µm), only older stages
of Centropages typicus were captured.
For Calanus finmarchicus, although all
stages were seen, the larger mesh size
used did not representatively capture
the younger stages (E. Durbin pers.
comm.). Despite these limitations to the
data, some interesting patterns
emerged. 

During the winter months, when
Centropages typicus is a dominant
member of the zooplankton, cope-
podids comprised roughly 40% of the
population (Fig. 10). During 2002, this
percentage dropped in mid-February
to only 14% and remained significantly
lower throughout March (p < 0.001,
based on ANOVA comparing all four
years). This decline was not observed
in the other years and was coincident
with the anomalous low-salinity,
warmer waters observed during 2002.

To compare the age structure of the
population of Calanus finmarchicus
among years, data collection and
analysis of the 2002 data were
extended an additional month (through
June) to account for the late appear-
ance of C. finmarchicus during this
year. A comparison of all 4 years indi-
cated that the proportion of each stage

of the population of C. finmarchicus did not differ sig-
nificantly among years (ANOVA, p > 0.05) (Fig. 11).

Multivariate analyses

Draftsman plots of the individual environmental va-
riables revealed a roughly linear relationship and sym-
metric distribution of points, indicative of multivariate
normality; therefore, no transformation was necessary.
No variables were highly correlated, so all were in-
cluded in the subsequent analyses.

The dendrogram produced from the cluster analysis
of the weekly averages of environmental variables
(wind speed, wind direction, temperature, salinity,
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stratification) and zooplankton abundance (Centro-
pages typicus, Pseudocalanus moultoni, Calanus fin-
marchicus) reveals some interesting contrasts among
weeks (Fig. 12). There are 3 large groups that appear
to be separated mostly by time. Group A is comprised
primarily of samples taken late in the sampling period
(late April and May); Group B contains samples taken
early in the sampling period (December to February);
Group C consists mostly of samples taken during the
middle of the sampling period (March and early April).
These separations most probably result from seasonal

changes in both the physical characteristics of the
water as well as the zooplankton assemblage. When
additional information on whale presence is consid-
ered, the dendrogram separates those weeks when
whales were present in the bay from those weeks in
which there were no whales. This is apparent not only
in the more general grouping of Clusters A, B and C,
but also in subgroups within these larger clusters.
When environmental data were excluded, and the
analysis was done solely with zooplankton data, sepa-
ration was not as clear.
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Finally, the BIO-ENV procedure was used to exam-
ine the interrelatedness of environmental conditions
and the abundance patterns of the 3 prevalent species
of zooplankton in Cape Cod Bay. Table 4 presents the
5 best results for each species determined by this pro-
cedure. Calanus finmarchicus abundance was most
influenced by environmental parameters. Salinity and
stratification best explained the observed patterns in
abundance of this species (p = 0.607). Neither Cen-

tropages typicus nor Pseudocalanus
moultoni were as strongly related to
any of the environmental parameters
measured. For C. typicus the 2 best
parameters were wind direction and
temperature (p = 0.121), for P. moultoni
wind direction and salinity (p = 0.075).

DISCUSSION

The zooplankton species assemblage
of Cape Cod Bay is comprised of po-
pulations that are self-sustaining within
the bay as well as populations that are
more transient. Therefore circulation
patterns and the resulting changes
in the physical environment are im-
portant in structuring the zooplankton
community. 

Cape Cod Bay forms the southern
part of Massachusetts Bay and is open
to and influenced by the circulation
dynamics of the Gulf of Maine. During
the early 1990s, several studies
addressed the circulation patterns of
Massachusetts Bay (Geyer et al. 1992,
Irish & Signell 1992, Blumberg et al.
1993). Much of what Bigelow (1927)
showed with drifter bottles was con-
firmed with moored current measure-
ments as well as with different types of
drifters in these more recent studies
(Geyer et al. 1992). The mean circula-
tion pattern of Cape Cod Bay (and
the whole of Massachusetts Bay) is a
counter-clockwise flow, driven primar-
ily by the larger-scale forcing of the
Gulf of Maine (density and mean west-
erly-wind stress). Superimposed on this
mean flow pattern are the more vari-
able forcings that influence circulation
in most coastal environments: winds,
tides, and river discharge. The varia-
tion in these factors is primarily on a
seasonal or annual scale. 

This study was conducted during the winter and
spring of each year, 2000 to 2003. A change in the factors
driving circulation accompanies the transition from win-
ter (December to March) to spring (April to May). Large-
scale, seasonal circulation in the Gulf of Maine is weaker
and less defined during the winter than in the spring, re-
sulting in longer time scales of circulation during the
winter months (Geyer et al. 1992, Xue et al. 2000). In
Cape Cod Bay, because the water column is well-mixed
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throughout the winter (Fig. 6) and run-off events do not
have a strong influence, wind stress is the only signifi-
cant force operating on the circulation pattern. Winds

from the NW are most common (Fig. 4) and help to
reinforce the Gulf of Maine’s mean counter-clockwise
circulation pattern in Cape Cod Bay (Geyer et al. 1992).

April is the month of transition from
NW winds and cooling in winter to
SW winds and warming in summer (Xue
et al. 2000). Similarly, in Cape Cod
Bay, April and May are characterized
by SW winds (Fig. 4). Winds from this
direction can inhibit the mean cyclonic
circulation pattern (Geyer et al. 1992,
Robinson et al.: available at: people.
deas.harvard.edu/leslie/MBST98/index_
rtime.html) and, as observed in this study,
can have a distinct effect on the phy-
sical and biological environment of Cape
Cod Bay.

Because of the importance of atmos-
pheric forcing on the circulation regime,
variations in the seasonal pattern of
winds would be expected to have a large
effect on the physical environment of
Cape Cod Bay. This was observed dur-
ing the study. The winter months of 2002
in particular were atypical, being domi-
nated by light southerly winds and lack-
ing the stronger NW winds characteris-
tic of the winter wind regime of this
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region (Figs. 3 & 4). Both the decline in magnitude and
the change in direction during the winter could result
in a more stagnant circulation regime (Geyer et al.
1992). Under these conditions, bay waters would not
be replenished as often by the waters of the Gulf of
Maine. Consequently, Cape Cod Bay was both warmer
and less saline during the winter months of 2002 (Fig.
8). The seasonal changes in the physical characteristics
over the course of the 2002 sampling period were also
much less than in other years, probably as a result of
weaker circulation patterns. Neither surface tempera-
ture nor salinity changed as much as in the other years
between December and May; as a result, stratification
strength was also lower (Fig. 6). 

Annual differences in the populations of the 3 spe-
cies of copepods were less dramatic than those in the
physical environment. Yearly averages indicated no
statistical difference for either Centropages typicus or
Calanus finmarchicus, and only a slight difference for
Pseudocalanus moultoni, with abundance in 2000 be-
ing greater than in 2002. A finer-scale comparison of
monthly averages, however, did indicate differences
for each of the 3 populations. Peak abundance of Cen-
tropages typicus occurred between December and
February (Fig. 9b), P. moultoni typically peaked in
April (Turner 1994), although there was considerable
variation from year to year (Fig. 9c), and Calanus fin-
marchicus typically peaked in the spring before water
temperatures got too warm (Marshall & Orr 1955,
Davis 1984, Turner 1994, and present Fig. 9d). The sig-
nificant differences observed in monthly abundances

of these species (Table 2) suggests that timing of
peaks in the populations varied among years,
although total yearly abundances did not (Fig. 9). 

An examination of the physical characteristics
that coincided with the peak abundance of each
species explained some of the observed variation
in abundances during the four years. Centropages
typicus appeared to be most abundant during
years with temperatures around 2°C, salinities
greater than 32 , average wind speeds around
7 m s–1, and less prevalent southerly winds. These
characteristics best describe the conditions during
February 2000 and January 2001. As indicated
by the BIO-ENV analysis, wind direction and
temperature were the most important factors
structuring this species (Table 4). Looking solely at
these 2 characteristics, 2002 was too warm during
the early winter and had a higher percentage of
southerly winds, while 2003 was an unusually cold
year with water temperatures well below those of
2000 and 2001. This could in part explain the
lower abundance of C. typicus during these years.

Factors explaining variations in the populations
of Pseudocalanus moultoni during these four years

are harder to identify. The physical environment dur-
ing peak abundances of P. moultoni was highly vari-
able among years and no environmental characteris-
tics more conducive for the occurrence of this species
could be distinguished. Correspondingly, multivariate
analysis indicated that none of the measured environ-
mental characteristics explained the variation in this
population (Table 4). Temperature could perhaps play
a role, in that population peaks occurred early (Janu-
ary, February) during the warmer year (2002) and later
(April) during the cooler year (2003) (Fig. 9c).

Seasonal fluctuations in the Calanus finmarchicus
population are more closely tied to environmental con-
ditions than those of the other 2 species, as seen in the
BIO-ENV analysis (Table 4). The initial increase in C.
finmarchicus abundance began in most years during
April, coinciding with surface temperatures around
6°C, decreasing surface salinities, increasing southerly
winds, increasing stratification, and decreasing wind
stress. Since there were no significant differences in
yearly abundances, monthly variation in abundances
among years is best attributable to timing of peak
occurrence. For example, in April 2000, abundances
were significantly greater than in April 2002, because
C. finmarchicus did not increase until May of that year
(Fig. 9d). Similarly, in May 2000, abundances were
greater than in May 2003. Whereas in most years the
population declined dramatically after a couple of
weeks, in 2000 it was sustained into a second month
and therefore was significantly higher than in the other
years. This could be due in part to the slight increase in
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Correlation Selected variables

Centropages typicus
0.121 Wind direction, temperature
0.118 Wind speed, wind direction, temperature
0.11 Wind speed, wind direction
0.07 Wind direction
0.06 Wind speed, temperature

Pseudocalanus moultoni
0.075 Wind direction, salinity
0.07 Wind direction, salinity, stratification
0.057 Salinity
0.056 Salinity, stratification
0.045 Wind direction

Calanus finmarchicus
0.607 Salinity, stratification
0.592 Stratification
0.574 Temperature, salinity, stratification
0.53 Wind speed, temperature, salinity, stratification
0.522 Wind speed, salinity, stratification

Table 4. Centropages typicus, Pseudocalanus moultoni and Cala-
nus finmarchicus. Results of BIO-ENV procedure indicating vari-
ables that best explain variation in each species, abundance, and 

corresponding correlation coefficient
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surface temperature during 2000 of < 2°C compared to
other years, when the temperature increase was closer
to 3–4°C (Fig. 6a).

By definition, plankton organisms drift under the
influence of the currents. Therefore, circulation pat-
terns are one of the primary factors contributing to
their distribution. As previously discussed, the circula-
tion regime of Cape Cod Bay is an extension of the
Gulf of Maine. The Maine coastal current is therefore a
key factor in structuring both the hydrography and the
plankton community of Cape Cod Bay via advective
processes. 

Calanus finmarchicus in particular appears to be
driven primarily by advective processes (Gaard & Han-
sen 2000, Pershing et al. 2001). A comparison among
years of the data collected on the abundance and age
structure of the C. finmarchicus population sampled in
Cape Cod Bay supports this conclusion. During the
2002 sampling period, the peak in abundance of C. fin-
marchicus and the development of the population
were delayed by approximately 1 mo (Fig. 9d). During
the other 3 yr of sampling (2000, 2001, 2002), the C.
finmarchicus population followed the development
patterns characteristically observed for the C. finmar-
chicus population of the Gulf of Maine (Durbin et al.
1997, 2000), with increasing numbers of Stage III
through late April, and increasing numbers of Stage IV
throughout May (Fig. 11). 

Variation in circulation patterns induced by wind-
forcing is important in controlling the interannual vari-
ability of Calanus finmarchicus populations in shelf
waters (Gaard & Hansen 2000). Data collected in this
study could also implicate wind as a factor controlling
C. finmarchicus abundance and population structure
in Cape Cod Bay. The changes in wind, the resulting
(hypothesized) changes in circulation, and the possible
effects on the observed differences in temperature and
salinity measured during 2002 compared to the other
years have already been addressed. This can be ex-
tended a step further to encompass the C. finmarchicus
population. Slower circulation induced by weaker,
southerly winds could have been a factor in delaying
the development of the C. finmarchicus population in
Cape Cod Bay in 2002. 

In addition to variability in advection from the Gulf
of Maine, other factors could be equally important in
structuring the population dynamics of Centropages
typicus and Pseudocalanus moultoni. These species
are not as transient as Calanus finmarchicus in Cape
Cod Bay, but are resident, productive components of
the plankton assemblage throughout the year. There-
fore, not only are the abundances of these species dri-
ven by advection, but observed population fluctuations
could also be a response to changes in the physical
environment of the bay and subsequent changes in

rates of production. Thus, it is not unexpected that
Centropages typicus, a species more constrained by
the physical regime, had greater fluctuations in abun-
dance than did P. moultoni, a species thought to be
more tolerant of changes in temperature and salinity.

Not only is the total population of Centropages typi-
cus affected by its physical environment, but variabil-
ity in the age structure of this population also appears
to be related to the physical regime of Cape Cod Bay.
Copepodids made up an extremely low percentage of
the population in February 2002 (Fig. 10), when the
bay waters were anomalously warm. During this same
time period in 2003, a much cooler year, C. typicus
copepodids comprised a very high percentage of the
population. The years 2000 and 2001 were average
years with respect to both temperature and the propor-
tion of C. typicus copepodids. There is an inverse re-
lationship between temperature and development in
C. typicus (Smith & Lane 1985, 1987). Based on this,
development times would have been shortest during
2002 and longest during 2003. Assuming production to
be negligible at this time (Bigelow 1926, Smith & Lane
1987), longer development times would result in a
greater proportion of copepodids late in the sampling
period (as seen in 2003), and shorter development
times would result in a smaller proportion (as seen in
2002). 

It should be noted that the underlying assumption of
this study is that the zooplankton samples collected
gave an indication of the food resource available to the
whales. Therefore, it is assumed that when low densi-
ties of zooplankton were detected in the study area, it
is because either physical (circulation patterns) or bio-
logical (low production levels) mechanisms prevented
the population of each of the species from developing
in Cape Cod Bay. Other regions were not sampled for
zooplankton simultaneously with Cape Cod Bay, so
nothing can be said about the zooplankton resource
available to these whales in other feeding grounds.
However, during 2002, when numbers of right whales
observed in Cape Cod Bay were low, higher numbers
of right whales were observed in the Great South
Channel and along the backside of Cape Cod (Brown
et al. 2002).

Several studies have suggested that zooplankton
densities are a determining factor in the whales’ distri-
bution in the NE Atlantic (Murison & Gaskin 1989,
Mayo & Marx 1990, Wishner et al. 1995). This study
indicates that the physical environment is equally im-
portant. For example, the cluster analysis separated
samples based on whale presence or absence better
when environmental data were included (Fig. 12). 

Although zooplankton abundance and species compo-
sition are likely to influence how long right whales will
utilize Cape Cod Bay as a feeding ground, it is the phys-
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ical environment that gives these whales cues on
whether to visit and explore the area initially. During
2002, changes in the physical environment and zoo-
plankton assemblage (Figs. 2 to 4, 6, 8 & 9) corresponded
with both low numbers of right whales and a shorter du-
ration of occupancy of Cape Cod Bay (Brown et al. 2002,
2003). In 2003, the physical environment returned to
conditions similar to those of the first 2 yr, yet zooplank-
ton densities remained low (perhaps because the system
had to recover from some stress, and the physical envi-
ronment was able to rebound faster than the zooplank-
ton). The increased number of whales sighted in Cape
Cod Bay in 2003 (Brown et al. 2003) suggests that some-
thing attracted them to the bay. Their low residence time
(Brown et al. 2003) suggests that the food resource was
not adequate. Environmental cues such as temperature
or salinity are easier to detect at a longer range than ag-
gregations of zooplankton would be (Kenney et al. 2001).
Therefore, the physical environment could indicate to
the whales if conditions are conducive for high abun-
dances of zooplankton and thus function as the initial
factor attracting the whales into Cape Cod Bay. The
existence of an adequate food resource would then
prolong their stay in the bay. 

In conclusion, several studies have attempted to
identify links between the physical environment and
higher trophic levels (e.g. Meise-Munns et al. 1990,
Pershing et al. 2001, Baumgartner et al. 2003). Few
have found conclusive results. The results of this study
are also far from definitive; however, they do suggest
some interesting inter-relationships among the physi-
cal environment, the zooplankton community, and the
right whales in Cape Cod Bay:
• Interannual changes in wind patterns were coinci-

dent with changes in the hydrography of Cape Cod
Bay, suggesting that circulation patterns changed
during the course of the study.

• Of the 3 species of zooplankton considered in this
study, Calanus finmarchicus is a transient species
advected into the bay each year and greatly influ-
enced by the circulation regime; Pseudocalanus
moultoni and Centropages typicus are more perma-
nent members of the zooplankton assemblage and
are affected indirectly by circulation via its effects on
the physical environment of the bay. 

• Periods of peak abundance of each species varied
significantly among years and were closely coupled
with the physical environment; however, interannual
changes in the abundances of these 3 species of zoo-
plankton were not as distinct as changes in the phys-
ical environment.

• Modeling the physical environment in addition to
the zooplankton provides a better indicator of the
right whales’ seasonal occurrence in Cape Cod Bay
than evaluating the zooplankton alone.

Acknowledgements. We are grateful to the habitat studies
program and aerial survey team of the Center for Coastal
Studies for providing help with data collection, to M. Costa for
captaining the RV ‘Shearwater’, to K. Wishner, R. Kenney,
S. Cobb and J. Heltshe for comments and suggestions on ear-
lier drafts. This work was supported in part by Massachusetts
Department of Marine Fisheries and by the National Fish and
Wildlife Foundation.

LITERATURE CITED

Baumgartner MF, Cole TVN, Campbell RG, Teegarden GJ,
Durbin EG (2003) Associations between North Atlantic
right whales and their prey, Calanus finmarchicus, over
diel and tidal time scales. Mar Ecol Prog Ser 264:155–166

Best PB, Brandao A, Butterworth DS (2001) Demographic
parameters of southern right whales off South Africa. J
Cetacean Res Manag Spec Issue 2:161–170

Bigelow HB (1926) Plankton of the offshore waters of the Gulf
of Maine. Bull Bur Fish Wash 40:1–509

Bigelow HB (1927) Physical oceanography of the Gulf of
Maine. Bull Bur Fish Wash 40:511–1027

Blumberg A, Signell RP, Jenter H (1993) Modeling transport
processes in the coastal ocean. J Environ Eng 1:31–52

Brown MW, Nichols OC, Marx MK, Ciano JN (2002) Surveil-
lance of North Atlantic right whales in Cape Cod Bay and
adjacent waters — 2002. Chapter 1. Surveillance, monitor-
ing, and management of North Atlantic right whales in
Cape Cod Bay and adjacent waters — 2002. Final Rep Sep
2002. Division of Marine Fisheries, Commonwealth of
Massachusetts, Center for Coastal Studies, Provincetown,
MA, p 2–28

Brown MW, Nichols OC, Marx MK (2003) Surveillance of
North Atlantic right whales in Cape Cod Bay and adjacent
waters — 2003. Chapter 1. Surveillance, monitoring, and
management of North Atlantic right whales in Cape Cod
Bay and adjacent waters — 2003. Final Rep Oct 2003.
Division of Marine Fisheries, Commonwealth of Mas-
sachusetts, Center for Coastal Studies, Provincetown, MA,
p 7–31

Bucklin A, Guarnieri M, McGillicuddy DJ, Hill RS (2001)
Spring–summer evolution of P. moultoni spp. abundance
on Georges Bank based on molecular discrimination of P.
moultoni and P. newmani. Deep-Sea Res II 48:589–608

Caswell H, Fujiwara M, Brault S (1999) Declining survival
probability threatens the North Atlantic right whale. Proc
Natl Acad Sci USA 96:3309–3313

Clarke KR, Warwick RM (2001) Change in marine communi-
ties: an approach to statistical analysis and interpretations,
2nd edn. Primer-E, Plymouth Marine Laboratory, Ply-
mouth

Cooke JG, Rowntree VJ, Payne RS (2001) Estimates of demo-
graphic parameters for southern right whales (Eubalaena
australis) observed off Peninsula Valdes, Argentina. J Ce-
tacean Res Manag Spec Issue 2:125–132

Davis CS (1984) Predatory control of copepod seasonal cycles
on Georges Bank. Mar Biol 82:31–40

Davis CS, Alatalo P (1992) Effects of constant and intermittent
food supply on life-history parameters in a marine cope-
pod. Limnol Oceanogr 37:1618–1639

Durbin EG (1997) Zooplankton dynamics of the Gulf of Maine
and Georges Bank region. In: Wallace GT, Braasch EF
(eds.) Proc Gulf of Maine Ecosystem Dynamics Scientific
Symp Workshop. RARGOM Rep 97–1. Regional Asso-
ciation for Research on the Gulf of Maine, Hanover, NH,
p 53–68

297



Mar Ecol Prog Ser 323: 281–298, 2006

Durbin EG, Runge JA, Campbell RG, Garrahan PR, Casas
MC, Plourde S (1997) Late fall–early winter recruitment of
Calanus finmarchicus on Georges Bank. Mar Ecol Prog
Ser 151:103–114

Durbin EG, Garrahan PR, Casas MC (2000) Abundance and
distribution of Calanus finmarchicus on the Georges Bank
during 1995 and 1996. ICES J Mar Sci 57:1664–1685

Frost BW (1989) A taxonomy of the marine calanoid copepod
genus Pseudocalanus moultoni. Can J Zool 67:525–551

Fujiwara M, Caswell H (2001) Demography of the endan-
gered North Atlantic right whale. Nature 414:537–541

Gaard E, Hansen B (2000) Variations in the advection of
C. finmarchicus finmarchicus onto the Faroe Shelf. ICES
J Mar Sci 57:1612–1618

Geyer WR, Gardner GG, Brown WS, Irish J, Butman B, Loder
T, Signell RP (1992) Physical oceanographic investigation
of Massachusetts and Cape Cod Bays. Tech Rep MBP-92-
03. Massachusetts Bays Program, US Environmental Pro-
tection Agency, Region I/Massachusetts Coastal Zone
Office, Boston, MA

Irish JD, Signell RP (1992) Tides of Massachusetts and Cape
Cod Bays. Woods Hole Oceanogr Inst Tech Rep WHOI-
92-35

IWC (International Whaling Commission) (2001) Report of the
workshop on status and trends of Western North Atlantic
right whales. J Cetacean Res Manag Spec Issue 2:61–87

Kane J (1999) Persistent spatial and temporal abundance pat-
terns for the late-stage copepodids of Centropages typicus
(Copepoda: Calanoida) in the US Northeast Continental
Shelf Ecosystem. J Plankton Res 21:1043–1064

Kenney RD, Mayo CA, Winn HE (2001) Migration and for-
aging strategies at varying spatial scales in western North
Atlantic right whales: a review of hypotheses. J Cetacean
Res Manage Spec Issue 2:251–260

Kraus SD, Hamiliton PK, Kenney RD, Knowlton AR, Slay CK
(2001) Reproductive parameters of the North Atlantic right
whale. J Cetacean Res Manag Spec Issue 2:231–236

Marshall SM, Orr AP (1955) The biology of a marine copepod,
Calanus finmarchicus (Gunnerus). Oliver & Boyd, Edin-
burgh

Mathworks (2000) MATLAB: the language of technical com-
puting, using MATLAB. Version 6, The Mathworks, Nat-
ick, MA

Mayo CA, Marx MK (1990) Surface foraging behavior of the
North Atlantic right whale and associated plankton char-
acteristics. Can J Zool 68:2214–2220

Mayo CA, Lyman EG, DeLorenzo AS (2000) Monitoring the
habitat of the North Atlantic right whale in Cape Cod Bay
in 2000. Final Rep Oct 2000. Division of Marine Fisheries,
Commonwealth of Massachusetts, Center for Coastal
Studies, Provincetown, MA, p 1–15

Mayo CA, Brown MW, DeLorenzo AS, Bessinger MK (2001) Us-
ing food density to predict right whale occurrence and
movements in Cape Cod Bay: 2001. Final Rep Oct 2001. Di-
vision of Marine Fisheries, Commonwealth of Massachu-
setts, Center for Coastal Studies, Provincetown, MA, p 1–19

Mayo CA, Bessinger MK, Brown MW (2002) Right whale
occurrence and habitat measures in Cape Cod Bay: during
a year of change 2002. Chapter 2. Surveillance, monitor-
ing, and management of North Atlantic right whales in
Cape Cod Bay and adjacent waters – 2002. Final Rep Sep
2002. Division of Marine Fisheries, Commonwealth of
Massachusetts, Center for Coastal Studies, Provincetown,
MA, p 31–50

Meise-Munns C, Green J, Ingham M, Mountain D (1990)
Interannual variability in the copepod populations of
Georges Bank and the western Gulf of Maine. Mar Ecol
Prog Ser 65:225–232

Murison LD, Gaskin DE (1989) The distribution of right
whales and zooplankton in the Bay of Fundy, Canada. Can
J Zool 67:1411–1420

Pershing AJ, Greene CH, Hannah C, Sameoto D and 6 others
(2001) Oceanographic responses to climate in the North-
west Atlantic. Oceanography 14:76–82

Signell RP, Jenter HL, Blumberg AF (2000) Predicting the
physical effects of relocating Boston’s sewage outfall.
Estuar Coast Shelf Sci 50:59–72

Smith SL, Lane PVZ (1985) Laboratory studies of the marine
copepod Centropages typicus: egg production and devel-
opment rates. Mar Biol 85:153–162

Smith SL, Lane PVZ (1987) On the life history of Centropages
typicus: responses to a fall diatom bloom in the New York
Bight. Mar Biol 95:305–313

Smith SL, Lane PVZ (1988) Grazing of the spring diatom
bloom in the New York Bight by the calanoid copepods
Calanus finmarchicus, Metridia lucens, and Centropages
typicus. Contin Shelf Res 8:485–509

Toner RC (1984) Zooplankton of western Cape Cod Bay. In:
Davis JD, Merriman D (eds) Observations on the ecology
and biology of western Cape Cod Bay, Massachusetts.
Springer-Verlag, New York, p 65–76

Turner JT (1994) Planktonic copepods of Boston Harbor, Mas-
sachusetts Bay and Cape Cod Bay, 1992. Hydrobiologia
292/293:405–413

Wishner KF, Schoenherr JR, Beardsley R, Chen C (1995)
Abundance, distribution and population structure of the
copepod Calanus finmarchicus in a springtime right whale
feeding area in the southwestern Gulf of Maine. Contin
Shelf Res 15:475–50

Xue H, Chai F, Pettigrew NR (2000) A model study of the sea-
sonal circulation in the Gulf of Maine. J Phys Oceanogr 30:
1111–1135

298

Editorial responsibility: Otto Kinne (Editor-in-Chief), 
Oldendorf/Luhe, Germany

Submitted: March 30, 2005; Accepted: January 25, 2006
Proofs received from author(s): September 20, 2006


