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ABSTRACT: Seasonal patterns of abundance of Calanus finmarchicus and Centropages typicus and 
that of all other copepods combined were characterized for outer Georges Bank (2 60 m depth) and the 
western Gulf of Maine for 1977 through 1984. An apparent drop in abundance and decay in seasonal 
patterns was observed in the early 1980s. Significant correlations of annual mean residuals of individual 
copepod abundance between the 2 areas suggest that the copepod populations of Georges Bank are 
related to those of the western Gulf of Maine. Significant correlations between these annual mean 
residuals and environmental parameters, especially water column temperature, were found. 

INTRODUCTION 

What drives interannual variability in oceanic zoo- 
plankton populations? Analyses of long-term data sets 
which allow the examination of interannual variability 
of zooplankton populations are few. In the North Sea 
and Northeast Atlantic year-to-year changes have 
been interpreted to be due to climatic factors, such as 
changes in the North Atlantic current and localized 
wind events (Colebrook 1978, 1982a, b,  1985, 1986). 
Other experimental studies indicate that variability in 
plankton abundance and productivity may be influ- 
enced by environmental conditions, such as vertical 
structure of the water column (Mullin et  al. 1985, 
Alcaraz et  al. 1988), temperature (McLaren 1963, Davis 
1987a) and water mass exchange (Ki~rboe et al. 1988, 
Lindal & Hernoth 1988). Davis (1987a) examined zoo- 
plankton production cycles on an  annual scale, in the 
Northwestern (NW) Atlantic and other temperate 
oceans, and suggested that interannual variation in 
production may be attributable to temperature. After 
examining 5 yr of abundance data for the NW Atlantic 
Sherman et al. (1983) found coherence in the seasonal 
cycles of the plankton species examined but did not 
examine interannual variability. 

During the period 1977 to 1987, the National Marine 
Fisheries Service (NMFS) Marine Monitoring and 
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Prediction (MARMAP) program conducted broad- 
scale sampling of zooplankton, ichthyoplankton and 
environmental parameters on the USA northeast conti- 
nental shelf. In this paper 8 yr of MARMAP zooplank- 
ton abundance data (including the years covered by 
Sherman e t  al. 1983) from Georges Bank and the west- 
ern Gulf of Maine are examined, in order to charac- 
terize the seasonal cycles of abundance for Calanus 
finmarchicus, the dominant spring copepod, Centro- 
pages typicus, the dominant copepod in the fall, and all 
other copepods (total copepods without C. finmar- 
chicus and C. typicus). These data are further 
examined to identify significant departures from the 
characterized cycles and to relate these departures to 
interannual variability in environmental parameters 
during this period (e.g. Mountain & Jessen 1987, 
Ingham & Wood 1988 and Wood & Tang 1988). 

METHODS 

Field collection. Zooplankton samples were col- 
lected during 66 surveys conducted by vessels from the 
USA, Poland, the Soviet Union, and the German Demo- 
cratic Republic during 1977 to 1984, as  part of the 
MARMAP sampling program of the northeastern shelf 
(Sherman 1980). Surveys occurred 6 to 12 times per 
year and sampled an array of stations ca 25 to 35 km 
apart on Georges Bank and in the Gulf of Maine 
(Fig. l ) .  
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Fig. 1. MARMAP station locations in the Gulf of Maine and on 
Georges Bank, 1977 to 1984 Encircled stations were used for 
plankton data. All stations on Georges Bank (B) and those 
marked o in the western Gulf of Maine (A) were used for 
physical oceanography. Dashed line shows area boundaries 

Georges Bank (GB) has 2 hydrographic regions: a 
shallow central portion (< 60 m) which remains well 
mixed throughout the year, and a deeper region 
(2 60 m) which undergoes seasonal stratification. Only 
the deeper stratified region was chosen for analysis 
here because it develops upper water-column stabihty 
and temperature cycles similar to the Gulf of Maine. 
The western Gulf of Maine (WGOM) is characterized 
by distinct deep (to 240 m) and irregular bathymetry 
and circulation (Emery & Uchupi 1972, Butman et  al. 
1982). Because the upper water column in the WGOM 
has temperature and stratification characteristics simi- 
lar to GB and because the majority of the Calanus 
finmarchicus population in the Gulf of Maine resides 
there, we analysed only those stations located in this 
portion of the Gulf (Fig. 1). 

Oblique tows of 60 cm diameter bongo nets using 
0.333 mm mesh for zooplankton were made through 
the water column from 5 m above the bottom or a 
maximum depth of 200 m to the surface. This mesh size 
catches, quantitatively, late stage copepodites and 
adults of the copepods examined here. It is this portion 
of the population that was analysed for this paper. The 
nets were towed at ship speeds ranging from 1.5 to 3.5 
knots (2.8 to 6.5 km h-'), lowered at a wire speed of 
50 m min-' and retrieved at 20 m min-' The volume of 

water filtered was measured with a flowmeter, and a 
time-depth recorder was used to record the towing 
proflle of the san~pler. Zooplankton samples from the 
0.333 mm nets were sorted, identified and counted at 
the Plankton Sorting Center, Szczecin, Poland. 

Measurements of temperature and salinity through 
the water column were made at each station on 31 of 
the cruises. The measurements were made using water 
sampling bottles with reversing thermometers at up to 
15 standard depths. The accuracy of the observations is 
ca + 0.02"C for temperature and + 0.01 ppt for salinity. 
Chlorophyll a (chl a )  samples were collected from the 
same water sampling bottles and analyzed using the 
methods described by Evans & O'Reilly (1980). The 
broad-based sampling protocol described above was 
designed to examine large-scale (in time and space) 
changes in the physical and biological environment. 
Therefore the analysis described here was confined to 
interpretations of interannual differences over a large 
(400 km) spatial scale. 

Analysis. Zooplankton data were grouped into 10 d 
intervals for both areas of study. The data were natural 
log (+l) transformed to stabilize the variance and 
means calculated for the 10 d intervals. These intervals 
are short in terms of the population dynamics of the 
copepods and give a better representation of the sea- 
sonal cycle than cruise means. Harmonic regressions 
over an annual cycle were fit to the time series using 
least squares analysis (Table 1, Fig. 2). Because of the 
interdependent nature of most planktonic population 
processes, estimates of abundance through time are 
autocorrelated. An autoregressive term (a lagged 
abundance variable) was used to remove autocorrela- 
tion in the residuals of the harmonic model, allowing 
for a more accurate determination of the model par- 
ameters (Box & Jenkins 1976). After the harmonic and 
lag term are applied to the data, any departures from 
the model are more likely to be caused by some exter- 
nal signal. Models were fit to the abundance (numbers 
per hundred cubic meters) of Calanus finmarch.icrrs 
and Centropages tj~picus and to all other copepods for 
GB (2 60M) and WGOM. Interannual variation was 
apparent in the residuals of the models. The residuals 
were summarized by showj.ng the annual mean 
residual for each of the years analyzed. The residuals 
were presented in this manner (Fig. 3) to exemplify 
either the magnitude or the consistency in sign of the 
difference between years. 

Environmental data showed interannual variation, 
particularly l.n the early 1980's (Mountaln & Jessen 
1987, Ingham & Wood 1988, Wood & Tang 1988) 
(Fig. 4) .  To investigate any possible environment-to- 
zooplankton linkages, 3 variables which relate to phys- 
iological or feeding conditions were chosen: wind 
stress, water temperature and water column stratifica- 
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Table 1 Harmonic regression models and F-statistics for 1977 to 1984 copepod abundance. The following terms apply: SA = 
sin (0.0172 Julian Day); CA = cos (0.0172 Julian day); LCop. LCal, LCen = lagged autoregressive term; MSE = mean square 

error; n = number of observations; F = F-statistic for the regression 

MSE n F 

Georges Bank 
Calani~s finn?arcliicus = 6.83 t 0.76SA - 1.28 CA + 0 18LCal 1.7 107 34.83 
Centropages typicus = 4.82 - 1.93SA + 0.34LCen 3.76 102 59.81 
Total copepods = 7.07 - 0.55CA + 0.32LCop 0.87 107 15.05 

Western Gulf of Maine 
Calanus finnlarchicus = 5.50 + 0.61SA - 0.72CA + 0.34LCal 2.14 129 25.57 
Centropages typicus = 3.80 - 1.82SA + 0.45LCen 3.28 129 104.33 
Total copepods = 8.06 - 0.29SA - 0.63C.A + 0.23LCop 0.57 129 25.41 

tion. Wind stress is a measure of the wind force acting 
on the sea surface. It produces turbulence and mixing 
and in this case was used as a proxy for these parame- 
ters. The effect of turbulence on plankton is under 
debate in the current literature (Buckley & Lough 1987, 

Alcaraz et al. 1988, Rothchild & Osborn 1988, Sunby & 
Fossum 1989). The correlations in this study were run 
to examine the gross effects of turbulence on the 
copepod populations (i.e. increase or decrease) 
examined here. Temperature is known to affect the 

Fig. 2. Ten-day means of natural log ( + l )  trans- 
formed copepod abundance data (points) with 
the fitted model line (line). Model line was gen- 
erated with the regressions in Table 2. (A) 
Calanus finmarchicus on Georges Bank; (B) C. z 
finmarchicus in western Gulf of Maine; (C) Cen- 
tropages typicus on Georges Bank; (D) C. typi- 
cus in western Gulf of Maine; (E) all other 
copepods on Georges Bank; (F) all other 

copepods in western Gulf of Maine Y E A R  YEAR 
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Fig. 3. Annual mean residuals from the har- 
monic models of copepod abundances for 
both Georges Bank and western Gulf of 
Maine, 1977 to 1984. (A) Calanus finmar- 
chicus on Georges Bank; (B) C. finmarchrcus 
in western Gulf of M a ~ n e ;  (C) Centropages 
typicus on Georges Bank; (D) C. typicus in 
western Gulf of Maine; (E) all other 
copepods on Georges Bank; (F) all other 

copepods in western Gulf of Maine 

physiological rates of all animals. Work by Vidal 
(1980a, b) has shown how growth and production of 
copepods can be affected to varying degrees with 
changes in this parameter. Water column stratification 
has been shown to be important both as a concentra- 
ting mechanism (Buckley & Lough 1987) and as a 
boundry to frontal zones (I(lerrboe & Johansen 1986, 
Richardson et  al. 1986). The spring and fall b l o o ~  in 
concentration of chl a was also examined by calcula- 
ting a depth-averaged seasonal mean for each period. 
This was used as a measure of standing stock of poten- 
tial food. Correlation analysis was used to look for 
population level effects of these parameters. 

The time periods chosen for the environmental data 
were determined by 2 constraints. These were choos- 
ing periods for individual environmental parameters 
which were biologically meaningful and for which 
there were sufficient data. For physical data, generally, 
there was one cruise in winter, one in spring and one in 
the fall, with an occasional late summer cruise. The 

time periods shown for each environmental variable 
indicate the most biologically conservative starting and 
ending point throughout the 8 yr period that allowed 
incorporation of these cruises (Table 2). For Centro- 
pages typicus, which is a dominant in the fall, any 
environmental observations from the late summer and 
late fall periods were averaged to represent conditions 
during the fall period. Chl a observations were taken 
on 31 of the cruises. Those observations taken during 
the spring and fall bloom of both phytoplankton and 
zooplankton were used in this analysis. Wind data were 
also averaged during periods of the spring and fall 
bloom to determine the effects of mixing on the 
copepod species involved. 

Mountain & Jessen (1987) showed that the spatial 
variability of water properties across the Gulf of Maine 
is quite large. To separate temporal from spatial vana- 
tion, they chose 3 regularly occupied MARMAP sta- 
tions in Wilkenson Basin to be an index of properties of 
the WGOM. The same stations were used in this analy- 
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Fig. 4. Mean environmental residuals 
for Georges Bank and the western 
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sis (Fig. 1).  On Georges Bank 16 stations between the 
60 and 100 m isobaths were chosen to represent condi- 
tions in the stratified part of the bank (Fig. 1). Follow- 
ing the methods of Mountain & Jessen (1987), each 
station in each region was weighted in proportion to 
the fraction of the area represented. On each cruise, 
when at least half the selected stations were occupied, 
area1 weighted average water properties were calcu- 
lated. The average temperature between 0 and 50 m 
was used to represent the upper layer for both regions. 
The density difference between 0 and 50 m was used 
as an index of stratification of the water column (Hop- 
kins & Garfield 1979). 

The annual cycles of temperature and stratification 
were calculated using the regression method described 
by Mountain & Holzwarth (unpubl.). To determine inter- 
annual variability in the water properties, the annual 
cycle was subtracted from the data, yielding residuals 
which are portrayed in Fig. 4. 

Wind stress data were provided by the Pacific 
Fisheries Environmental Group (NOAA, NMFS). This 
information is generated by a US Navy computer pro- 
gram driven by surface atmospheric pressure observa- 
tions for the northern hemisphere; see Bakun (1973) for 
method. Values of wind stress are routinely computed 
on a 3" X 3" (latitude X longitude) grid, and 2 of these 
grid points, 42"N 66" W and 42"N 69" W, were selected 
for this study and daily averages calculated. These 
values were grouped into time intervals (see Table 1) 
and means taken for correlation with copepod mean 
residuals (described below). 

YEAR 

Spearman correlations were generated between cope- 
pod annual mean residuals from the harmonic regres- 
sions from both areas and between copepod mean 
residuals and the envlronmental residuals and chloro- 
phyll means. 

RESULTS 

Significant annual cycles were found for all species 
of copepods in both areas (Table 1,  Fig. 2). Summary 
deviations (residuals) for each year are plotted in Fig. 3. 
For Calanus finmarchicus in both areas and Centro- 
pages  typicus on Georges Bank, the years 1981 to 1984 
show large and/or continuous-in-sign deviations from 
the previous 4 yr. Total copepods in both areas and C. 
typicus in the WGOM show a large difference in the 
residuals from 1982 to 1983. Summary deviations for 
temperature and stratification are plotted in Fig. 4. 

Significant correlation coefficients for all environ- 
mental variables with copepod mean residuals and 
between copepod residuals in both areas are reported 
in Table 2 .  Nonparametric statistics increase the proba- 
bility of making a Type 2 error, therefore we report 
correlations with probabilities up to 0.15. 

DISCUSSION 

The strongest correlations reported above are 
between the annual residuals of copepod abundance in 
the WGOM and on Georges Bank. The waters on 
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Table 2.  Spearman correlation coefficents between the copepod annual mean residual from the harmonic regression on Georges 
Bank (GB) and western Gulf of Maine (WGOM) and between the copepod annual mean residual of each area and environmental 
mean residual. Only significant correlations are shown. NS: not significant; r: correlation cocfficent; p: probability level; n :  sample 

size; Julian Day is the time period that the environmental residual was calculated for 

Calanus finmarchicus Centropages typicus Total copepods 

GB abundance vs WGOM abundance r 
n = 8 (P) 

Western Gulf of Maine 
Temperature r 

n = ?  (P) 
Julian Day 

Chl a 
n = 6 
Julian Day 

Wind stress 
n = 8  
Julian Day 

Georges Bank 

Temperature 

Chl a 

Wind stress 
n = 8  
Julian Day 

Georges Bank originate primarily from the near-sur- 
face waters in the western Gulf of Maine (Hopkins & 
Garfield 1981). Once on the bank the water has a mean 
residence time of about 2 mo (Csanady & Magnell 
1988), comparable with the generation time of the 
copepods considered here. It is Likely that the copepod 
populations on GB are, to a significant extent, made up 
of individuals which originated from the WGOM 
(Bigelow 1927, Davis 1984). With the physical oceano- 
graphic connection between the regions, the correla- 
tions between annual residuals in the WGOM and on 
GB are not surprising and suggest that the copepod 
variability on Georges Bank originates, to a large part, 
in the WGOM. Much of the springtime population of 
Calanus finmarchicus is thought to originate from the 
overwintering population in the WGOM (Davis 198713). 
Colebrook (1982a) has shown that for copepod popula- 
tions in the North Sea it is the overwintering population 
that determines maximum population size for each new 
year. The significant correlations shown here suggest 
that this may also be the case for GB copepod popula- 
tions 

The negative relationship shown in Table 2 for 
WGOM Calanus finmarchicus and spring temperature 
(5 to 8 "C) IS not unexpected. C, finmarchicus is known 
to be  a cold-water species (range is from -2" to 20°C) 
(Marshal1 & Orr 1955). Although their tolerable tem- 
perature range is broad, Davis (1987a) suggests that 

these copepods are not productive at temperatures 
above 12°C. Their oxygen rate doubles from 0 to 10°C 
and above 10°C rises at an even faster rate (Marshal1 
& Orr 1955). Experimental evidence from Vidal 
(1980a, b) makes it clear that in the laboratory, C. 
pacificus has better growth and production at colder 
temperatures. Our findings lend support to this obser- 
vation, at the population level, in the field for C. 
finmarchicus. 

The negative relationship seen in this study between 
WGOM Calanus finmarchicus and March-May chloro- 
phyll is probably attributable to grazing pressure. Work 
by Cox et al. (1983) and Mackus & Boyd (1979) suggest 
that high concentrations of Calanus sp. and chl a do not 
CO-occur in the field because Calanus sp. will quickly 
graze down high concentrations of phytoplankton, sim- 
ply causing a mismatch between areas of high abun- 
dance of these 2 variables. A negative relationship may 
also occur when food is limiting. If this were the case in 
the WGOM, one would expect to see other significant 
correlations, such as a positive correlation at some 
earlier time interval between C. finmarchicus and chl a 
or, as discussed below, between wind stress and C. 
finmarchicus. 

Centropages typicus is a warm-water species, 
smaller than Calanus finmarchicus, that does not 
migrate vert~cally (Bigelow 1926, Clarke 1933). 
Bigelow (1926) suggested minimum breeding tem- 
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peratures for C. typicus to be 8 to 12OC. WGOM fall 
upper-layer temperatures range from 8 to 12 'C (Man- 
ning & Holzwarth 1990, their Fig. 250) and thus lie at 
the lower end of the acceptable breeding range. 
Because of this, one would expect WGOM C. typicus 
abundance to show a positive relationship with fall 
temperature. 

The positive relationship between the annual mean 
abundance of all other copepods and February-April 
wind stress and the lack of relationships between 
abundance and chlorophyll, temperature and stratifica- 
tion are somewhat puzzling. This contrasts with work 
by Alcaraz et al. (1988) which showed a negative rela- 
tionship between turbulence and copepod abundance 
due to changes in demographic composition and 
Increased metabolic activity. February to April is early 
in the seasonal cycle of these copepods, and turbulence 
may have less of an impact during this period. A posi- 
tive relationship might be  expected if phytoplankton as 
food were limiting. Higher turbulence during this time 
of year might increase chlorophyll or primary produc- 
tion through nutrient mixing, and the copepods would 
benefit in this fashion. It might also increase contact 
rates between copepods and their phytoplankton prey 
or, on the negative side, their predators (Rothschild & 

Osborn 1988). If an  increase in contact rates between 
copepods and phytoplankton were the cause of this 
positive correlation, one would expect to see the same 
relationship for Calanus finmarchicus and Centropages 
typicus also. It also seems logical to expect significant 
correlations between phytoplankton and total cope- 
pods. The positive relationship reported here might be- 
come more explicit when examined on an  individual 
species basis. 

Colebrook (1978, 1982a, b, 1985, 1986) suggested 
temperature, stratification and other physical environ- 
mental variables can be important in the dynamics of 
zooplankton seasonal cycles and geographic distribu- 
tion in the North Sea. He  proposed that interannual 
variability in the plankton community of the North Sea 
is determined primarily by specific rates and fluxes of 
physical processes and of the plankton's own biological 
processes. In his 1986 paper, Colebrook suggested that 
temperature influences the rate and timing of the 
spring bloom. Vidal's (1980a, b) laboratory studies 
showed physiological mechanisms by which tempera- 
ture may have influence over the zooplankton com- 
munity. Our study provides field evidence for the link- 
age between the WGOM and GB oceanic systems and 
between oceanic environmental events and the plank- 
ton community in these 2 areas. Although the time 
series of data available to us are not as long as  Cole- 
brook's, there is evidence of similar, although more 
localized, relationships. The work of Vidal (1980a, b) 
and others gives potential biological meaning to some 

of these relationships. Even with a 7 yr time series of 
data, interannual variability is difficult to elucidate and 
only pronounced relationships can be identified, such 
as the interrelationship between the WGOM and 
Georges Bank copepod populations and the impor- 
tance of temperature. 

On the scale examined in this study, stratification 
and wind do not appear to have any discernible effect 
on these populations. The specific mechanisms that 
determine the observed relationships between 
environmental factors and copepod populations and 
more subtle relationships that may be in these data are 
not addressed, because of the shortness of the time 
series and the broad-based nature of the sampling. To 
clarify these, the exact nature of the relationships must 
be  evaluated and defined in detailed in situ and 
laboratory studies and with a longer time series. 
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