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ABSTRACT

The broad scale features in the horizontal, vertical, and seasonal distribution of phy-
toplankton chlorophyll @ on the northeast U.S. continental shelf are described based on
57,088 measurements made during 78 oceanographic surveys from 1977 through 1988.
Highest mean water column chlorophyll concentration (Chl,) is usually observed in
nearshore areas adjacent to the mouths of the estuaries in the Middle Atlantic Bight (MAB),
over the shallow water on Georges Bank, and a small area sampled along the southeast edge
of Nantucket Shoals. Lowest Chl, (<0.125 ug I7") is usually restricted to the most seaward
stations sampled along the shelf-break and the central deep waters in the Gulf of Maine.
There is at least a twofold seasonal variation in phytoplankton biomass in all areas, with
highest phytoplankton concentrations (m®) and highest integrated standing stocks (m?)
occurring during the winter-spring (WS) bloom, and the lowest during summer, when
vertical density stratification is maximal. In most regions, a secondary phytoplankton biom-
ass pulse is evident during convective destratification in fall, usually in October. Fall bloom
in some areas of Georges Bank approaches the magnitude of the WS-bloom, but Georges
Bank and Middle Atlantic Bight fall blooms are clearly subordinate to WS-blooms.

Measurements of chlorophyll in two size-fractions of the phytoplankton, netplankton
(>20 pm) and nanoplankton (<20 um), revealed that the smaller nanoplankton are respon-
sible for most of the phytoplankton biomass on the northeast U.S. shelf. Netplankton tend
to be more abundant in nearshore areas of the MAB and shallow water on Georges Bank,
where chlorophyll e is usually high; nanoplankton dominate deeper water at the shelf-break
and deep water in the Gulf of Maine, where Chl is usually low. As a general rule, the
percent of phytoplankton in the netplankton size-fraction increases with increasing depth
below surface and decreases proceeding offshore.

There are distinct seasonal and regional patterns in the vertical distribution of chloro-
phyll a2 and percent netplankton, as revealed in composite vertical profiles of chlorophyll a
constructed for 11 layers of the water column. Subsurface chlorophyll & maxima are
ubiquitous during summer in stratified water. Chlorophyll @ in the subsurface maximum
layer is generally 2-8 times the concentration in the overlying and underlying water and
approaches 50 to 75% of the levels observed in surface water during WS-bloom. The
distribution of the ratio of the subsurface maximum chlorophyll a to surface chlorophyll a
(SSR) during summer parallels the shelfwide pattern for stability, indexed as the difference
in density (sigma-f) between 40 m and surface (stabili[y40). The weakest stability and lowest
SSR’s are found in shallow tidally-mixed water on Georges Bank; the greatest stability and
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highest SSR’s (8-12:1) are along the mid and outer MAB shelf, over the winter residual
water known as the “cold band.” On Georges Bank, the distribution of SSR and the
stability,; are roughly congruent with the pattern for maximum surface tidal current
velocity, with values above 50 cms™' defining SSR’s less than 2:1 and the well-mixed area.
Physical factors (bathymetry, vertical mixing by strong tidal currents, and seasonal and
regional differences in the intensity and duration of vertical stratification) appear to
explain much of the variability in phytoplankton chlorophyll a throughout this ecosystem.

Introduction

Continental shelves are a disproportionately important
part of the marine realm, occupying only 10% of the
world’s oceans but supporting a rich fishery where 99%
of the global fish harvest is taken (Walsh, 1981). This
rich fishery is nourished by high rates of phytoplankton
productivity and high concentrations of phytoplankton
(Raymont, 1949; Esaias et al., 1986; Nixon, 1992; Hooker
et al., 1993) characteristic of shallow coastal environ-
ments having ample supply of nutrients and light for
photosynthesis.

This report focuses on seasonal and spatial variations
in phytoplankton biomass over the northeast U.S. con-
tinental shelf. One of the most productive shelf ecosys-
tems in the world, it encompasses the Middle Atlantic
Bight, Georges Bank, and the Gulf of Maine (Fig. 1).
Annual phytoplankton production in the tidally-mixed
shallow waters on Georges Bank and in the shallow
nearshore waters of the Middle Atlantic Bight is three
times the mean for world continental shelves (O’Reilly
et al., 1987). However there are large seasonal and
regional differences in primary productivity. These are
mainly related to variations in phytoplankton biomass,
as well as the rate of light absorption by phytoplankton,
and seasonal changes in incident light and efficiency of
light utilization (Campbell and O’Reilly, 1988).

There is great interest in the abundance and distri-
bution of phytoplankton because they play a pivotal
role in the trophodynamics of aquatic ecosystems
(Lasker, 1978; Smith and Eppley, 1982). Most marine
fish larvae feed on young stages of copepods (Hunter,
1981), and copepods feed on phytoplankton. Reports
of the significance of phytoplankton to the nutrition
and survival of higher trophic levels are numerous. As
early as 1941, Hjort proposed a relationship between
the timing of the spring phytoplankton bloom, the
spawning of Norwegian spring-spawning herring, and
the success of the year-class recruitment (May, 1974).

A strong association exists between landings of fin-
fish and shellfish, annual phytoplankton primary pro-
duction, and the input of nitrogen to estuarine and
marine ecosystems, with the fisheries yield approaching
1% of the phytoplankton carbon production in the

most productive systems (Nixon, 1988, 1992). In some
areas the ratio of phytoplankton production to fish
production is used to estimate size of fish stock, which
in turn can be related to fish catch, to determine the
percentage of the community taken through fishing
(Steven, 1975). Iverson (1990) developed convincing
arguments that carnivorous fish production in coastal
and open ocean environments (including the Guif of
Maine) is controlled by the amount of new nitrogen
entering the euphotic layer and consequent new phy-
toplankton production, and not by systemic differences
in trophic transfer efficiency or number of steps in the
food chain. On Georges Bank, a high level of fish
production is, in part, traceable to the high level of
primary production (Cohen and Grosslein, 1987). The
phytoplankton requirements of scallop populations in
the eastern half of Georges Bank could potentially be
met from the flux of nitrate across the tidal front and
consequent phytoplankton production (Horne et al,,
1989).

There is also keen interest in the role played by
phytoplankton, presumably responding to nutrients
from agriculture and sewage wastes, in-the eutrophica-
tion of many coastal environments worldwide (Walsh,
1981; Larsson et al., 1985; Rosenberg, 1985; Stoddard
et al.,, 1986; Smith et al., 1987; Mahoney et al., 1990;
Smayda, 1990, 1991; Hinga et al,, 1991). Additionally,
concerns over the buildup of atmospheric carbon diox-
ide and global climate change have led to renewed
interest in phytoplankton as principal intermediaries
in the flux of carbon from the atmosphere to the ma-
rine biosphere and sediments (Keeling et al., 1976;
Broeker et al., 1979; Walsh et al., 1981; Malone et al.,
1983b). For example, in the central North Pacific Ocean
since 1968, there has been a doubling in phytoplank-
ton biomass (vertically integrated chlorophyll) which is
believed to be caused by climate change: increased
winter winds and decreased sea surface temperature
(Venrick et al., 1987).

Measurements of phytoplankton chlorophyll through-
out the euphotic and upper mixed layers are essential
for the calibration (Gordon et al., 1980; Smith, 1981;
Gordon, 1987) and interpretation (Collins, 1989) of
pigment distributions derived from satellite spectral
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Figure 1
The northeast U.S. continental shelf and its major oceanographic regions: Gulf of Maine, Georges Bank, and Middle Atlantic
Bight; major estuaries: Penobscot Bay (P. Bay), Narragansett Bay (N. Bay), Hudson-Raritan Bay (H-R. Bay), Delaware Bay (D.
Bay), Chesapeake Bay (C. Bay); and coastal points of reference: Nova Scotia, Maine (ME), New Hampshire (NH), Massachusetts
(MA), Cape Cod, Connecticut (CT), Long Island, New Jersey (NJ]), Delaware (DE), Maryland (MD), Virginia (VA), North

Carolina (NC), Cape Hatteras.

radiometers such as the Coastal Zone Color Scanner
(CZCS) and the Sea-viewing Wide Field-of-view Sensor

(SeaWiFS) (Hooker and Esaias, 1993). Since the launch
of the CZCS in 1978, synoptic descriptions of fine scale
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features (1-4 km) in the distribution of phytoplankton
pigments have been generated for large areas of the
ocean (Yoder et al., 1988; Hooker et al., 1993). How-
ever, radiometers such as the CZCS indirectly detect
plant pigments in just the upper one-fifth of the eu-
photic layer (Campbell and O’Reilly, 1988). Their ac-
curacy, using a general algorithm relating ocean color
to chlorophyll, is only 0.3-0.5 log chlorophyll (Gordon
et al, 1980; Balch et al., 1992) but may improve to
+40% using ship data from the study region to optimize
the chlorophyll algorithm (Smith and Baker, 1982).
Thus it is becoming widely recognized that direct mea-
surements of chlorophyll and remote measurements
are complementary; both are required to generate ac-
curate assessments of phytoplankton standing stocks
and phytoplankton production at a number of spatial
scales for large areas of the ocean (Sathyendranath and
Platt 1989; Kuring etal., 1990; Platt et al., 1991; Sathyen-
dranath et al., 1991; Antoine et al., 1996).

Therefore, it is important to understand the abun-
dance and distribution of phytoplankton, to delineate
regional and seasonal and long-term patterns in their
abundance, and to determine the oceanographic and
ecological factors responsible for such distributions (e.g.
Walsh etal., 1978; Marraetal., 1982; Malone etal.,1983a;
Campbell and Esais, 1985; Eslinger and Iverson, 1986).
Some of the major features in the horizontal and sea-
sonal distribution of chlorophyll a have been described
for portions of the northeast U.S. continental shelf
based on relatively short studies: New York Bight (e.g.
Ryther and Yentsch, 1958; Mandelli et al., 1970; Malone,
1976; Yentsch, 1977; Falkowski et al., 1983; Malone et
al. 1983b; Falkowski et al., 1988); Georges Bank (e.g.
Riley, 1941; Colton et al., 1968; Yentsch et al., 1994;
Thomas et al.'); and Gulf of Maine (e.g. Bigelow, 1926;
Bigelow etal., 1940; Cohen, 1976; Yentsch and Garfield,
1981). Only the New York Bight has been comprehen-
sively described at a high level (monthly) of temporal
resolution (Malone, 1976; Malone et al., 1983b).

The purpose of this report is to illustrate and charac-
terize typical (mean) coarse-scale features in the hori-
zontal, seasonal, and vertical distribution of phytoplank-
ton chlorophyll a over the northeast U.S. continental
shelf. Our characterizations are derived from an exten-
sive series of shipboard surveys conducted from 1977
through 1988. Previous studies did not routinely survey
the entire ecosystem. Our report establishes ecological
baselines, defines the annual cycle of phytoplankton
abundance, and identifies similarities and differences

! Thomas, J. P., H. Mustafa, A. A. Tvirbutas, C. A. McPherson, and J.
B. Suomala. 1982. Seasonal patterns of surface temperature and
phytoplankton pigments in the Georges Bank region. Int. Coun.
Explor. Sea, Biol. Oceanogr. Comm. Doc. Council Meeting 1982/
L:14 (poster).

among the Middle Atlantic Bight, Georges Bank, and
the Gulf of Maine. Baselines such as these may prove
useful in understanding regional differences in fishery
productivity (e.g. Sherman et al., 1984) and in assess-
ments of long term ecological change (e.g. Venrick et
al., 1987; Radach et al., 1990).

Description of Study Area

Our study area includes the northeast U.S. continental
shelf and adjacent continental slope (Fig. 1). It spans
10 degrees latitude and longitude, from Cape Hatteras
in the southwest to Nova Scotia in the northeast, and
encompasses approximately 275,000 km?. The Gulf of
Maine, Georges Bank, and the Middle Atlantic Bight
constitute the three major subdivisions of the shelf,
based on diverse bottom topography (Fig. 2); differ-
ences in fresh water sources and inputs, water mass
characteristics, circulation, and tidal mixing; and zoo-
geographic provinces (Sherman et al., 1988). The fol-
lowing brief description of the oceanography of the
study area provides background and perspective for
subsequent discussion of seasonal and spatial patterns
in phytoplankton biomass.

Gulf of Maine—The Gulf of Maine, a semi-enclosed
continental shelf sea, is bounded landward by the north-
east U.S. and Nova Scotia coasts and includes waters
west of longitude —66° between Georges Bank and the
entrance to the Bay of Fundy (Fig. 1). Bottom depth
throughout much of the Gulf of Maine is greater than
100 m, and averages 150 m (Uchupi and Austin, 1987).
Three large basins (Georges Basin, 377 m; Wilkinson
Basin, 295 m; and Jordan Basin, 311 m) and a number
of smaller basins (Uchupi, 1965; Uchupi and Austin,
1987) are deeper than 200 m (Fig. 2). Shallow water
<60 m is mostly confined to a relatively narrow band
along the coast and on Stellwagen Bank, which is west
of the Jordan Basin and north of Cape Cod (Fig. 2).
Seawater exchange between the Gulf of Maine and
the North Atlantic is fairly restricted, occurring mostly
through the deep Northeast Channel (Ramp et al,,
1985; Mountain and Jessen, 1987) located between
Georges and Browns Banks (Fig. 2). Georges Bank lim-
its the flow of water such that only the upper 20 m of
Gulf of Maine water can pass over it, while flow in the
Great South Channel is limited to the upper 70 m
(Butman and Beardsley, 1987). Waters deeper than 70
m communicate with the gulf only through the North-
east Channel, the principal entry point for slope water
into the region. Freshwater enters the Gulf of Maine
from rivers in Maine, the Bay of Fundy (St. Johns River),
and the Scotian Shelf where the freshwater originates
from the Gulf of St. Lawrence. Maine rivers, principally
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Figure 2
Major bathymetric features of the northeast U.S. continental shelf: Browns Bank (BB), Scotian Shelf (SS), Northeast Channel
(NEC), Georges Basin (GBas), Wilkinson Basin (WB), Jordan Basin (JB), Georges Bank (GB), Great South Channel (GSC),
Nantucket Shoals (NS), Hudson Shelf Valley (HSV), Continental Slope (S).

the Androskogen, Penobscott, Merrimak, and Ken- maximum river runoff occurs in the south earlier than
nebeck, flow into the gulf and, during spring, form a in the north. In the northern Gulf of Maine, a cold
plume of relatively brackish stratified waters in the west- buoyant coastal current (Townsend et al., 1987) may
ern gulf (Franks and Anderson, 1992a, 1992b). Most of extend from the Bay of Fundy to Penobscott Bay where
the land drainage (~90%) occurs north of Cape Eliza- it may splitinto a nearshore and offshore limb (Bisagni

beth (TRIGOM, 1974) and, in response to snow melt, et al.,, 1996b). Local rivers have a significant contribu-
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tion to the upper 40 m of the water column (Brown and
Irish, 1993). Along with the outflow of the Bay of Fundy
and the east-to-west flow of slope water, they maintain
the gulf’s counterclockwise circulation, which seems
strongest in spring (Sherman ct. al., 1988). 'The most
significant input of fresh water to the gulf comes from
the Scotian Shelf. Based on the total volume of water in
the Gulf of Maine, most of the fresh-water input derives
from cold, low-salinity Scouan Shelf water (Hopkins
and Garfield, 1979) that enters through the Northeast
Channel and through passages formed between Cape
Sable and Browns Bank (Brown and Irish, 1993).

Upwelling is common along the coastal areas in the
western Gulf of Maine, off Nova Scotia, and on the
Scotian Shelf (Garrett and Loucks, 1976). In compari-
son with deep waters of the central basin, northwestern
coastal waters are turbid with reduced transparency
due to river runoff (TRIGOM, 1974). During warmer
months, stratification occurs where bottom depth ex-
ceeds 20 m. Atshallower depths, tidal mixing and coastal
currents prevent stratification (TRIGOM, 1974). Wa-
ters along the Scotian Shelf, at the mouth of the Bay of
Fundy, and nearshore, north of Penobscott Bay, are
only weakly stratified during summer as a consequence
of strong tidal currents (Moody et al., 1984).

Based on hydrographic features, Gulf of Maine wa-
ters are divided vertically into three layers: Maine sur-
face water (MSW), water less than 50 m; Maine interme-
diate water (MIW), water between 50-100 m; and Maine
bottom water (MBW), water greater than 100 m
(Hopkins and Garfield, 1979). During summer, the
temperature minimum is found in MIW that is isolated
from the warmer layers above and below. During spring
the relatively fresh MSW is warmed through solar heat-
ing. Maine bottom water is warmer because it is derived
from warmer and saltier continental slope water that
enters the Northeast Channel. During this time the
isolation of this water is similar to the isolation of Georges
Bank-Middle Atlantic Bight cold band water described
below. During winter months the water column is mixed
to about 100 m and only two layers are present.

Georges Bank—Georges Bank is generally delineated
by the 200 m isobath except in the west and northwest
(Fig. 2). Along the northern flank, sharp bathymetric
gradients between Georges Basin and Georges Bank
define the bank. Here water shoals quickly from 200 m
to 60 m within a relatively short distance (< 30 km). The
eastern and southern extent, where shoaling from the
200 m isobath is more gradual, is defined by the North-
east Channel and the shelf-break, respectively (Fig. 2).
Georges Bank is defined in the west by the western edge
of the Great South Channel, which separates Georges
Bank from Nantucket Shoals, and in the northwest by
the 100 m isobath (Fig. 2). The shallowest waters—

Georges, Cultivator, and some unnamed shoals—are
found on the northwestern part of the bank within the
60 m isobath, where shifting medium-to-coarse sand
ridges cover most of the bottom and contribute to the
turbulence (Uchupi and Austin, 1987) and turbidity of
overlying waters (Butman, 1987; Twichell et. al., 1987).
Diurnal and semidiurnal tides interacting with the shal-
low bottom topography of the bank generate excep-
tionally strong currents (Butman and Beardsley, 1987)
that maintain a vertically well-mixed water column within
the 60 m isobath throughout the year (Yentsch and
Garfield, 1981; Bisagni and Sano, 1993). The maximum
tidal current speed near surface on the bank increases
gradually from 10-20 cm s at the 200 m isobath along the
southern flank, to 60-70 cm 57! over the shallow area (Fig.
3). Maximum tidal current speeds decrease sharply from
the northern edge of the bank into Georges Basin.
During spring and summer, a clockwise recirculation
pattern sets up around the shallow water on the bank
(Limeburner and Beardsley, 1996). This recirculation
prolongs mean residence time (~60 days) of shallow
water (Colton and Anderson, 1983) and limits exchange
with surrounding waters. During winter, recirculation
is minimal, prevailing northwest winds drive surface
water offshore (Bumpus, 1976), and generally more
exchange occurs between the shallow Georges Bank
water and Gulf of Maine and Scotian Shelf water (Flagg,
1987). In the deeper areas of the bank, the water col-
umn is vertically mixed during winter but thermally
stratified during summer, and subject to variations from
advection of slope water onto the bank (Bisagni and
Sano, 1993). During summer, a tidally-induced front,
found around the 60 m isobath and often extending
across the Great South Channel toward Nantucket Shoals,
separates the vertically-mixed shallow water from deeper
stratified water on the bank (Butman and Beardsley, 1987).
The mean flow of water beyond the 60 m isobath is to
the southwest, and is strongest in late summer and
weakest in winter (Butman and Beardsley, 1987). Physi-
cal properties of deeper Georges Bank waters are influ-
enced by the advection of slope water onto the bank
(Bisagni and Sano, 1993) and by entrainment of bank
water by warm core rings passing along the southern
flank (Bisagni, 1983; Evans et al., 1985). During spring,
cold, low salinity water from the Scotian Shelf may
move onto the southern flank of Georges Bank (Bisagni
etal., 1996a). From spring through fall turnover, cold,
winter-residual water, known as the “cold band” or “cold
pool,” occurs beneath the seasonal thermocline, within
the 60-100 m isobaths from the Northeast Peak of
Georges Bank south to near Cape Hatteras (Butman
and Beardsley, 1987, Flagg, 1987). The axis of the cold
band is along the 80 m isobath on Georges Bank (Flagg,
1987), the 656 m isobath off Long Island, and the 55-60
m isobath in the Middle Atlantic Bight offshore of
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Figure 3
Maximum tidal current velocity (M2 current, cm/s) of surface water. Redrawn from Moody et al. (1984).

Chesapeake Bay (Ketchum and Corwin, 1964; Colton Great South Channel. The shelf in the Middle Atlantic

et al., 1968; Houghton et al., 1982; Flagg, 1987). Bight slopes gently offshore and is shallow compared
with the Gulf of Maine and Georges Bank; much of the
Middle Atlantic Bight—The Middle Atlantic Bight in- bight from Long Island south is less than 60 m deep

cludes the shelf area between Cape Hatteras and the (Fig. 2).
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A retrograde shelfslope front, delineated by the 34.5
salinity isohaline (Wright, 1976; Mooers et al., 1979), is
located along the shelf-break in the Middle Atlantic
Bight and on Georges Bank. It is generally centered
near the 200 m isobath, however since it 1s angled and
not vertical the location of the surface and bottom of
the front is not the same. The bottom of the front is
anchored closely to the 80-100 m isobath year round,
but the front in surface water undergoes seasonal on-
shore-offshore excursions, reaching its maximum sea-
ward extension during June-August when it is approxi-
mately 100 km seaward of the shelf-break, over the
~2000 m isobath.

Waters in the Middle Atlantic Bight are well mixed
during winter and strongly stratified during summer
with the exception of shallow coastal areas which expe-
rience episodes of vertical mixing from storms, up-
welling, and downwelling (Ingham and Eberwine, 1984).
Nearshore waters are more turbid than offshore be-
cause of their shallowness, resuspension of sediment,
and from estuarine outflow they receive. Fresh water
enters the Middle Atlantic Bight at the mouth of the
Hudson-Raritan, Delaware, and Chesapeake bays. These
local sources are responsible for approximately 70% of
the large interannual variation in salinity in the bight
(Manning, 1991). Runoff peaks in spring, when about
half the annual runoff occurs (Bigelow and Sears, 1935).
While the inflow of freshwater is predictable, removal
of shelf water is not. Shelf water predictably travels
from Georges Bank in a southwesterly direction with
some loss at Cape Hatteras; however, loss of shelf water
can also occur erratically around the shelf-break.
Though the shelf-slope front is coherent from Georges
Bank to the Cape Hatteras; warm core rings drifting
southwest between the northern edge of the Gulf Stream
current and the continental shelf-break, and intrusions
of Gulf Stream water along the southern portion of the
Middle Adantic Bight, may entrain and displace signifi-
cant amounts of shelf water (Churchill and Cornillon,
1991).

The cold band is present throughout the summer in
the Middle Atlantic Bight and disappears during fall
overturn. The inshore edge of the cold band is at shal-
lower depths in the Middle Atlantic Bight (30-40 m)
than on Georges Bank (70-80 m). Presumably this is a
consequence of the relatively greater surface and bot-
tom tidal current mixing (at comparable depths) along
the southern flank of Georges Bank, relative to the
outer Middle Atlantic Bight (Moody etal., 1984).In the
New York Bight the cold band is typically 6°C during
the early summer and warms to about 10-12°C just
before convective overturn in fall. The coldest part of
the cold band is usually between the 40 and 80 m
isobaths (Ketchum and Corwin, 1964), whereas on the
southern flank of Georges Bank, it is centered along

the 80 m isobath and spans between the 65 and 95 m
depths. In the Middle Atlantic Bight the greatest ther-
mal contrast appears during June, when the cold band
is 6-7°C and surface water temperature is 22°C (Benway
etal., 1993). At that time the inshore edge of the cold
band is 80 km offshore, at about the 40 m isobath.
During fall overturn, when the water column becomes
nearly vertically isothermal, the winter residual water
disappears first in the shallow nearshore area (early
September) and last in the outer shelf area in early
December (Benway et al., 1993). The annual maximum
bottom water temperature (16°C nearshore, 13°C off-
shore to the shelfsslope front) occurs during the fall
overturn (Benway et al., 1993). In nearshore waters off
the Raritan Estuary the annual minimum surface water
salinity occurs during March-April, with a secondary
minimum in August (Benway et al., 1993). Along the
outer Middle Atlantic Bight the minimum appears dur-
ing July-August (31.5-32%o0), when temperature is at
its annual maximum across the shelf (22-24°C; Benway
etal., 1993), reinforcing density stratification.

Methods

Data Sources

Data presented in this monograph were collected dur-
ing several multidisciplinary field programs conducted
by the National Oceanographic and Atmospheric Ad-
ministration, Northeast Fisheries Science Center, be-
tween 1977 and 1987 (Append. Table C1). Major field
programs included the Marine Resources Monitoring,
Assessment, and Prediction Program (MARMAP) de-
scribed by Sherman (1980); the Northeast Monitoring
Program (NEMP) described by Pearce (1981); and the
Warm Core Ring (WCR) Program (Evans et al., 1985).
The objectives and sampling areas of these programs
differed but phytoplankton chlorophyll sampling and
measurement protocols were consistent.

During MARMAP surveys, vertical profiles of tem-
perature, salinity, chlorophyll, and primary productiv-
ity were routinely measured from hydrocasts and by
using expendable bathythermographs (XBT’s) (tem-
perature). Mountain and Holzwarth (1989) and Moun-
tain and Manning (1994) summarized hydrographic
data from MARMARP surveys. Major plant nutrients were
also measured on some surveys (Draxler et al., 1985;
Sibunka and Silverman, 1989). Double oblique net tows
were made to 200 m to determine the abundance and
species composition of zooplankton and ichthy-
oplankton (Morse et al., 1987; Sherman, 1988; Sibunka
and Silverman, 1989). MARMAP surveys occupied up
to 193 standard sites (Fig. 4). Usually surveys progressed
from south to north and lasted four weeks. Stations
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Figure 4
Locations of Standard 193 MARMAP sampling sites, onshore-offshore transects (A, B, C, D, E, F, G), and the 60 m and 200 m
isobaths (only the 200 m isobath is shown north of Cape Cod).

along transects A, B, C, D; those portions of transects E, NEMP surveys involved collection of water samples
F, and G on Georges Bank; and transects E, F, and G in from hydrocasts, demersal fish using trawls, and benthic
the Gulf of Maine, were usually sampled sequentially to invertebrate community and sediment contaminants

obtain synoptic data (Fig. 4). using grab samplers. Surveys took two weeks to com-
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plete. The stations were sparsely distributed through-
out the study area since the objective of the program
was to sample key sites that represented the range of
conditions in the ecosystem. The distribution of sta-
tions during a typical NEMP survey is illustrated in
Append. Fig. Al (survey AL8009). There was some
overlap between NEMP and MARMAP sites.

Warm core ring surveys were conducted in deeper
water near and beyond the shelf and focused on the
entrainment of filaments of shelf water and associated
biota (Colton and Anderson, 1983). Both underway
and hydrocast sampling were conducted (Append. Table
C1). Surveys labeled “Other” (Append. Table C1) had
various objectives, areas of interest, and sampling inten-
sities (e.g. Append. Fig. Al: AD7701, EV8002).

Of the 78 oceanographic surveys considered in this
analysis, only a few covered the entire study area (Ap-
pend. Fig. Al). The combined data set consists of 61,533
discrete measurements of phytoplankton chlorophyll
(Append. Table C1). The majority of chlorophyll mea-
surements were made during MARMAP surveys (Ap-
pend. Table C1, bottom). Most of the measurements
were taken from 6,686 hydrocast profiles of the upper
100 m of the water column. Some of the surveys ob-
tained samples inside the mouths of estuaries and sea-
ward of the continental slope; those samples are not
considered here (Append. Fig. Al). The focus of this
report is on the 57,088 samples from the upper ~100 m
of the water column on the continental shelf and adja-
cent slope.

Sampling

Generally, water samples were collected using 5-1 opaque
PVC Niskin bottles suspended within the water column
from a hydrowire at standard depths,i.e. 1,5, 10, 15, 20,
25, 30, 35, 50, and 75 m below sea surface. Prior to
being sequentially tripped, Niskin bottles were equili-
brated (flushed) with water at the desired depth for at
least five minutes. At stations where bottom depth was
less than 75 m, an additional sample was collected
within ~2-3 m of bottom. Beginning in October 1979, a
bottom-trip bottle (rigged to close when a tripping
device contacted the seabed) collected near-bottom
water within 1 m of the seabed. After spring 1980, the
sampling protocol included samples from 100 m and
from within 1 m of bottom, when bottom depths were
approximately 100 m or less. Additional nonstandard
depths were sampled to coincide with depths sampled
for measurements of simulated in situ primary produc-
tion (O’Reilly and Thomas, 1983; O’Reilly et al., 1987).

On all surveys, samples were collected from the
hydrocast except DL8510, DL8601, DL8603, DL8607,
DI8610, DI8701, and DL.8704 (Append. Fig. Al) during

which water for chlorophyll analyses was obtained only
from the vessel’s saltwater intake (~3 m) while the ship
was underway. During warm core ring surveys, samples
were collected from hydrocasts and the vessel’s saltwa-
ter intake (Append. Table C1).

Measurement of Chlorophyll a

The concentration of chlorophyll ¢, the dominant pho-
tosynthetic pigment in phytoplankton, is widely used by
biological oceanographers as a proxy for phytoplank-
ton carbon biomass. However, the relationship between
chlorophyll a and phytoplankton biomass is not con-
stant, but varies widely in space and time with the
species composition and physiological state of the phy-
toplankton (Banse, 1977; Cullen, 1982). Because it is
operationally difficult to distinguish routinely organic
carbon in autotrophic phytoplankton from that in
microheterotrophs and detritus, measurements of chlo-
rophyll a remain the best chemical index of the biom-
ass of natural assemblages of autotrophic phytoplank-
ton (Cullen, 1982). In this report, the expressions “phy-
toplankton biomass,” or “biomass,” are used frequently
as shorthand notation for “the concentration of chloro-
phyll a in a liter of seawater,” but the distinction should
be remembered.

Immediately following retrieval of Niskin bottles,
subsamples were drawn through silicon tubing into
opaque 1-1 polyethylene bottles. During subsampling,
zooplankton >300 um were removed by an in-line, 1-in
diameter, 300 um mesh nylon filter. Water samples
were size-fractionated immediately after collection by
serial filtration, using 25-mm diameter Nitex Nylon
filters (20 m mesh) in the upper stage and 25-mm
diameter Whatman GF/F glass fiber filters (~0.7 pm
mesh) in the lower stage of a filtration manifold, which
allowed up to 10 samples to be processed simultaneously.
Vacuum pressure on the lower filter stage was regulated
by a manostat and did not exceed 55 mm Hg. Usually
from 200 to 900 ml of seawater were filtered, the amount
chosen to avoid filter clogging and yet achieve a
fluorescence measurement significantly above blanks
and within the accurate range of a Turner Designs
fluorometer.

Phytoplankton retained on the upper 20 um mesh
are defined operationally as netplankton, while phy-
toplankton passing the 20 um and retained on ~0.7 um
GF/F filters are defined as nanoplankton. This size-
fractionation scheme follows that established by Malone
(1976).

Phytoplankton chlorophyll @ concentration was de-
termined following the methods of Yentsch and Menzel
(1963) and Holm-Hansen et al. (1965) where the in
vitro fluorescence of pigments extracted into 90% ac-
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etone is measured. Through August 1985, pigments
were extracted by grinding filters and retained particu-
late matter in a glass grinding vessel (Arthur H. Tho-
mas) with a teflon-tip rod driven by an electric hand
drill at ~500 rpm for <l minute. Prior to grinding,
samples were covered with 3-4 ml 90% acetone and
chilled in a refrigerator. A Whatman GFF glass fiber
filter was added to the Nitex nylon filter to facilitate
grinding. Following grinding, additional 90% acetone
was added to the vessel to obtain 10 ml Samples were
mixed and allowed to extract in dark for 5 minutes,
then this was repeated. Extracts, while in the grinding
vessels, were centrifuged at 4000 r/min for 2 minutes,
and a 5—6 ml aliquot was decanted into a fluorometer
cuvette (13 x 100 mm).

Due to loss of equipment in a fire, after September
1985 the extraction procedure was modified. Following
Parsons et al. (1984), pigments were extracted by sub-
merging filters and phytoplankton in 90% acetone and
refrigerating for 12-24 hours. Following extraction,
samples were mixed and particulates allowed to settle
through centrifugation or gravity. The supernatant lig-
uid was decanted into a fluorometer cuvette.

Following extraction, sample fluorescence was mea-
sured using a Turner Designs fluorometer equipped
with a 10-045 blue lamp, a red-sensitive photomulti-
plier tube, and Corning filters 10-050, 10-051, and 10-
052 for excitation, emission, and reference light paths,
respectively. Fluorescence of the extract was measured
before and after the addition of two drops of 5% HCI to
the cuvette to determine corrected chlorophyll a con-
centration as well as phaeophytin @ concentration
(Holm-Hansen and Riemann, 1978).

Fluorometers were calibrated immediately before and
after each survey using a 90% acetone solution of pure
chlorophyll a (Sigma Chemical Company). The fluo-
rescence of individual (not serial) dilutions (1, 0.1,
0.04, 0.02, 0.01, 0.002, and 0.001) of this calibration
solution (approx. 1 mg/l) were measured to check
linearity of the fluorometer over the working range of
the instrument. Additionally, the fluorescence of
aliquots of the calibration solution (kept in dark in a
freezer) was recorded approximately each night at sea
to detect any drift or change in the calibration during
the survey.

The concentration of chiorophyll ain the calibration
solution was determined using the method outlined by
Holm-Hansen and Riemann (1978). The absorption of
the pure chlorophyll a stock solution at 480, 630, 645,
663, 665, and 750 nm, before and after acidification (2
drops of 5% HCI per 10 ml aliquot), was determined
using a dual-beam Perkin-Elmer #550 spectrophoto-
meter and a 5 cm cuvette. A specific absorption coeffi-
cient of 89.31 1/g cm for chlorophyll a (UNESCO,
1966) was applied. The accuracy of the calibration was

routinely checked against the chlorophyll a calibration
standard obtained from U.S. EPA, Quality Assurance
Branch, Cincinnati, Ohio. The coefficient of variation
(standard error x 100/average) among 10 replicate
size-fractionated seawater subsamples is usually 6-7% at
1 pug chlorophyll/1. Evans et al. (1987) describes addi-
tional details of our method.

Computations

Chlorophyll a concentrations measured in the net-
plankton and nanoplankton size-fractions are added to
generate an estimate of total chlorophyll ¢ concentra-
tion at each sampling depth. Standing stocks of water
column chlorophyll a (ug m~?) in the upper 75 m (or
bottom depth if < 75 m) is computed by arithmetically
integrating values over depth using the trapezoidal rule.
In the integration, the measured value at 1 m below
surface is used as the estimate for 0 m. In water deeper
than 75 m, when sampling did not exactly coincide with
75 m, the chlorophyll a concentration at 75 m was
estimated by linear interpolation, using measurements
from the two adjacent sampling depths. Water column
concentration of chlorophyll a (ug 17'), abbreviated as
Chl , is computed by dividing the water column inte-
gral (ug chlorophyll @ m™2) by the depth of integration
(m). The percent netplankton in the water column is
calculated as 100 times water column netplankton chlo-
rophyll a, divided by water column total chlorophyll a.
Similarly, percent phaeopigment in the water column
is calculated as 100 times phaeophytin a, divided by
(phaeophytin a + chlorophyll a). Venrick (1978) pro-
vides an indication of the statistical precision of esti-
mated Chl  based on the systematic sampling used
during our study.

Contouring

Contoured distributions of chlorophyll a were gener-
ated using Surface III (Sampson, 1988). Latitude and
longitude coordinates of each station were transformed
into map coordinates using Lambert’s conic conformal
map projection (Uchupi, 1965; Snyder, 1987). The grid
resolution used for contoured horizontal distribution
maps is 10.2 km/grid. That used for cross sections is 2
km and 2 m per grid. Grid values were estimated from a
distance-weighted average (1/d?) of the nearest eight
data values. Prior to generating contoured cross sec-
tions, original data were linearly interpolated, first ver-
tically (1 m), then horizontally (1 km) between transect
stations. This provided the “control points” (Sampson,
1988) necessary to avoid artifacts in the contouring of
vertically clustered transect data.
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The sampling density and coverage of the continen-
tal shelf during MARMAP surveys permitted contour-
ing. The distance between stations along the seven
MARMAP cross-shelf transects is approximately 25 km
(Fig. 4). Stations on these transects were usually sampled
sequentially over a 24-48 hr period. This spatial resolu-
tion and synopticity permitted the construction of cross
section portrayals. Inter-station distances during NEMP
surveys were judged too large to generate representa-
tive contours. Contoured distributions of chlorophyll
from WCR surveys are also not portrayed here since the
focus of WCR surveys was the outer shelf-slope region
under the influence of several specific warm core rings.

Contoured distributional maps of mean water col-
umn chlorophyll concentration (chl ) and contoured
cross-shelf sections of chlorophyll a are presented for
38 MARMAP surveys in Append. B. Contoured maps of
data, composited and averaged by tile, used the stan-
dard station location coordinate to represent data (see
below).

Standard Sampling Stations (Tiles)

To unify data from several field programs, each with
different spatial sampling patterns, all data were as-
signed to standard locations. This enabled the con-
struction of composite horizontal, vertical, and tempo-
ral portrayals. The coordinates of the 193 MARMAP
stations (Fig. 4, Append. Table C2) were used to define
the standard locations since these sites were repeatedly
sampled during MARMAP surveys, where most of the
chlorophyll observations were measured (Append. Table
C1). Dirichlet cells (Ripley, 1981) or tiles (Green and
Sibson, 1978) were constructed around each standard
location (Fig. 5). The northeast U.S. continental shelf
was thus subdivided into 193 areas or tiles such that all
samples within a tile were closer to the standard coordi-
nate used to generate the polygon tile than to any other
standard coordinate. Additional artificial sites were
employed to constrain the offshore extent of tiles along
the outer continental shelf-break (Fig. 5). The median
distance between standard MARMAP coordinates de-
fining the 193 tiles is 42 km (Fig. 6). Using this parti-
tioning scheme, 84% of the 6,344 stations occupied in
the study area were within 10 km of the standard site,
and 96% were within 20 km (Fig. 7).

The resulting temporal sampling intensity for each
tile, grouped by subarea and region, is depicted in
Append. Fig. A2. Sampling intensity was highest in
1978 through 1980. Tiles surrounding stations at the
offshore terminus of MARMAP wransects (18, 36, 63, 84,
116, 152) were sampled infrequently as were tiles along
the eastern edge of Georges Bank (180, 191, 192).
Similarly, northern and eastern areas of the Gulf of

Maine (tiles 168, 169, 171,172,173, 181, 189, 190) were
sampled infrequently because many of the surveys ab-
breviated by inclement weather began off Cape Hatteras
and proceeded northward.

Statistical Subareas

Data were grouped into subareas to construct general-
ized monthly representations of chlorophyll over broad
but relatively homogeneous areas of the shelf. Cluster-
ing techniques (Fastclus, SAS Inst., 1990) were em-
ployed as an exploratory tool to aid the definition of
subareas. Two expressions of the chlorophyll data were
used in separate clustering analyses: two-month mean
water column chlorophyll and percent netplankton,
averaged by tile; and chlorophyll concentration aver-
aged by tile (193), depth strata (1i), and month (12).
The first expression emphasizes areas having similar
annual cycles in the magnitude and size composition of
Chl , while the second expression groups tiles with
similar annual cycles in the magnitude and shape of the
vertical profile of chlorophyll a. We also examined
monthly composite profiles constructed for each of the
1938 tiles. These provided a number of features useful in
identifying tiles which were similar and therefore could
be grouped into subareas: the magnitude of chloro-
phyll, the occurrence and timing of a distinct winter-
spring bloom and fall bloom, the shapes of the vertical
profiles of chlorophyll concentration and percent
netplankton throughout the annual cycle, and the pres-
ence/absence of a distinct subsurface chlorophyll maxi-
mum layer during the summer (indicative of physical
and biological vertical stratification). Thus, these com-
posite profiles, recurring patterns in contoured distri-
butions of Chl, from surveys, and results from cluster-
ing explorations were considered in the development
of subareas shown in Fig. 8. An analysis of variance of
mean water column chlorophyll @ concentration indi-
cates the efficacy of our partitioning scheme, with highly
significant differences among subareas as well as signifi-

Table 1
Two-way analysis of variance in Chl among subareas
and months.

Degrees of Mean

Source freedom square  Frequency Probability
Subareas 25 184.9 123.5 <0.0001
Months 11 54.7 36.5 <0.0001
Interaction 275 10.6 7.1 <0.0001
Residual 6,252 1.5
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Figure 5
Tiles (polygons) surrounding each of the 193 MARMAP station coordinates. Tile numbers are centered on MARMARP station
coordinates except for tiles 184, 140, and 148, which were adjusted to enhance legibility.

cant variability among months and interaction effects (1987) and Flagg (1987), which are based primarily on
between subareas and months (Table 1). tidal current velocity, water properties, locations of hy-
Our partitioning of Georges Bank approximates the drographic fronts, bottom topography, and bottom type.

physical regimes defined by Butman and Beardsley The partitioning between Georges Bank and Gulf of
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The frequency and cumulative percent distribution of distance between sam-
pling coordinates and MARMAP standard station coordinates for all 193 tiles.

the relatively restricted cross-bank transport during sum-
mer (Perry et al., 1993).

In the Gulf of Maine, as will be
discussed later, recurring Chl  dis-
tribution patterns are not as obvious
as in the Middle Atlantic Bight and
Georges Bank, partly because sam-
pling in the gulf was sparser than in
other areas. Nevertheless, the west-
east distinction between the Scotian
Shelf, Georges Basin, Wilkinson Ba-
sin, and the coastal water in the west-
ern Gulf of Maine is similar to the
partitioning based on cluster analy-
sis of standardized anomalies of sea
surface temperature and salinity data
collected along a transect-swath be-
tween Massachusetts Bay and the
southern tip of Nova Scotia (Benway
etal., 1993).

Subareas in the Middle Atlantic
Bight are bathymetrically defined
into nearshore (<30 m), midshelf
(30-60 m), outer shelf (60-100 m),
and shelf-break (>100 m). The
nearshore region is influenced by
brackish, nutrient-enriched plumes
from the Hudson-Raritan, Delaware,
and Chesapeake bays. These plumes
tend to hug the coasts south of the
estuarine mouths (Bowman and
Wunderlich, 1976; Fedosh and
Munday, 1982). During summer, the
nearshore is also subject to episodes
of wind-forced destratification, up-
welling, and downwelling (Ingham
and Eberwine, 1984). The nearshore
region is separated into several sub-
areas: one adjacent to each of the
three estuaries and others that in-
clude remaining nearshore tiles
which are not as obviously influenced
by estuarine plumes. Analyses of
chlorophyll data (chl ) variances in
the New York Bight by Malone et al.
(1983b) indicated statistically insig-
nificant variation among stations
within bathymetric regions relative to
the high variability among regions and
monthly variability within a region.
Our depth-based subareas differ some-
what from those used by Malone et
al.,, (1983b) (<= 40 m, 41-80 m, 81-
1000 m). We partition the shelf into
four subareas, nearshore (<=30 m),
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Figure 8
Subareas in the Gulf of Maine, Georges Bank, and Middle Atlantic Bight. Symbols indicate locations of standard MARMAP
stations used to define tiles.

midshelf (>30<= 60 m), outer shelf (60-200 m), and slope
adjacent to Middle Atlantic Bight and Georges Bank
(>200<2,000 m) to accommodate the distribution of stan-
dard sampling stations during MARMAP surveys.

The shelf-break subarea includes waters seaward of
the 100 m isobath, on Georges Bank and in the Middle
Atlantic Bight. This is a region of transition between
continental shelf and continental slope waters (Colton
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et al.,, 1985). Along the shelf-break,
a coherent shelf water-slope front is
present throughout the year (But-
man and Beardsley, 1987). Its mean 3,600/
position varies seasonally, moving
seaward during summer and land-
ward during winter (Wright, 1976; 2.800
Flagg, 1987; Benway et al., 1993).
During summer, in the lower water
column, a cold band (winter residual
water) extends offshore to ~95 m

Frequency
j\)
o
S
S

along the southern flank of Georges 1,600/

Bank (Flagg, 1987) and to ~100 m
in the Middle Atlantic Bight (Bow-
man and Wunderlich, 1977). This
cold band serves to further delin-
eate the outer shelf from the shelf-

break region. Near surface, the shelf- 2%

----------------------------

i
=
]
L
S
Cumulative Percent

65012
T ﬁo

0
.0

slope front, defined by the 34.5 ps
isohal, is found landward of the 100
m isobath only a small fraction of
the time (Flagg, 1987; Benway et al,,
1993). Therefore, the shelf-break re-
gion includes shelf water the major-
ity of the time but is likely to be
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Frequency and cumulative percent distributions of chlorophyll concentra-
tion measured during 78 surveys of the northeast U.S. continental shelf
(57,088 discrete samples).
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Figure 9

overrun by surface slope water from
October through March.

It should be kept in mind that no
single partitioning scheme will be the best fit through-
out all seasons, given the diversity and complexity in
the distribution of water masses, circulation, degree of
mixing by tides and winds, and stratification by sea-
sonal heating and brackish plumes from estuaries. Nev-
ertheless, the partitioning scheme employed here does
embody the major coarse-scale differences among re-
gions of the shelf.

Results and Discussion _ _

Range of Chlorophyll Concentrations

The frequency distribution of phytoplankton chloro-
phyll a in 57,088 water samples collected throughout
the study area from 1977-1988 is depicted in Fig. 9.
Data were log,-transformed prior to generating the
frequency histogram to normalize the wide distribution
(<.01 and 57.8 ug 1!y encompassed by all samples, from
varying regions, depths, and seasons. The resulting dis-
tribution is still platykurtic and skewed toward lower
values. A broad mode, centered at ~ 1 ug 1, is evident.
The median value is 0.87 ug/l and the geometric mean
(mean ) is 0.84 ug/1. Chlorophyll a exceeding 4, 8, and
16 ug/1 are observed 6.7%, 1.1%, and 0.1% of the time,

respectively, while concentrations below 0.13, 0.06, and
0.03 ug/loccur at frequencies of 5.3%, 2.1%, and 0.6%,
respectively.

Size Composition of Phytoplankton

When considering all samples without regard to sam-
pling depth, season, or geographic region, nano-
plankton (<20 um) dominate the phytoplankton. The
frequency distribution is strongly skewed toward low
percent netplankton, with a median value of ~29%
netplankton (Fig. 10). Chlorophyll ain the netplankton
(>20 pm) exceeds 50% of the total chlorophyll in only
30% of the 57,019 paired measurements; the remain-
der of the time (70%), nanoplankton dominate (Fig.
10). Strong dominance (>90%) by netplankton is rare
(only ~2% of the samples), but strong dominance
by nanoplankton is common (25% of the samples).
When the samples are grouped by depth strata, a verti-
cal progression emerges in the median percent
netplankton value. Percent netplankton increases with
increasing depth, to ~50 m below surface. In subse-
quent sections we illustrate that phytoplankton size
composition varies not only with depth, but also season-
ally and regionally.
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Horizontal Distribution of Chlorophyll

A wide range in mean water column chlorophyll con-
centration (Chl ) is obvious in each of the two-month
composite distributions (Fig. 11) and in most of the
distributions based on individual surveys (Append. B).
The contoured two-month distributions are generated
from Chl  averaged by tile. The range, mean, and coef-
ficient of variation of Chl for each of the 193 tiles,
tabulated by two-month periods, is provided in Table
C3. The precision (coefficient of
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and Penobscot Bay. Here, mean chlorophyll concentra-
tions are modest, between 1 and 4 pg/I, but nevertheless
represent a doubling over mean values in November—
December. Along the outer shelf, Chl_is approximately
0.5-1 ug/1 on Georges Bank and increases to ~1-2 pug/
lin the southern end of the Middle Atlantic Bight. The
lowest values (0.25-0.5 ug/1) during January-February
occur in the northern Gulf of Maine and at some of the
most seaward stations sampled along the shelf-break.
The distributional pattern and magnitude of Chi  along

variation or CV) of the Chl esti-
mates is depicted in Fig. 12. The
sampling frequency per tile was
judged insufficient for constructing
representative contours of the

4,000(]

monthly distribution of Chl . The

two-month composites will obscure,

in the mean, shorter-period chloro- .

phyll events or pulses such as those % 2,400}
obvious from survey to survey (Ap- =3

pend. B). For the climatological in- E 1,600 |

tent of this monograph, the wwo-
month portrayals adequately repre-
sent the major broadscale and sea-
sonal features of interest, except per-

3,200 [41-

Cumulative Percent

haps in portions of the Gulf of Maine
which were sampled infrequently
during January-February and March—
April (Fig. 13).

High levels of Chl , between 4 and
16 pg/l, occur in the shallow
nearshore waters (~<30 m) of the
Middle Atlantic Bight during the
January-February period. These
concentrations are about double
those observed in November—De-
cember, and indicate that the WS-
bloom commences relatively early
in nearshore water. The 2 ug/l]
isochlor parallels the 60 m isobath
from Nantucket Shoals to Cape
Hatteras, but not on Georges Bank
(Fig. 11). Water column chlorophyll
concentration exceeding 2 pg/I is
restricted to a small area in the shal-
low water on Georges Bank, and
Chl, during January-February is
generally lower than the proceed-
ing November-December period.
This suggests that the WS-bloom has
not yet begun on Georges Bank. An
early WS-bloom also occurs in iso-
lated nearshore areas of the western

10

10

(A) Frequency and cumulative percent distributions of the percent of
chloroplyll a in netplankton size-fraction (>20 pm) in 56,632 discrete water
samples. (Samples having total chlorophyll concentrations less than 0.04 pg/|
are not included since the estimates of percent netplankton would be
imprecise.) (B) Cumulative percent distributions of percent of chlorophyll a
in netplankton for five depth strata: 1 (0<3 m); 5 (3<8 m); 15 (13<18 m); 25
(23<28 m); 50 (38<63 m).
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Figure 10

Gulf of Maine, between Cape Cod
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Chlorophyll a
mean, upper 75 m

1977-1988

Jan-Feb

Figure 11
Contoured distribution of chlorophyll ain the upper 75 m of the water column during Jan-Feb, March-Apr, May—June, July-Aug, Sept-
Oct, and Nov-Dec. Depth-weighted means (Chl ) were composited by ule and 2-mo periods before contouring.
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Coefficient of variation

mean, upper 75 m

1977-1988

Figure 12
Contoured distribution of percent coefficient of variation (C.V.) of average concentration of chlorophyll a in the upper 75 m of
the water column during Jan-Feb, March-Apr, May-June, July-Aug, Sept-Oct, and Nov-Dec. Depth-weighted means (Chl ) were
composited by tile and 2-mo periods before contouring.
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Number of profiles

upper 75 m
1977-1988

Figure 13
Number of vertical profiles (stations) used in calculation of Chl_and related calculations, during Jan-Feb, March-Apr, May-
June, July-Aug, Sept-Oct, and Nov-Dec.
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the shelf-break and in offshore areas of the Gulf of
Maine in January-February are essentially unchanged
from November—December.

In March-April, Chl_over the shallows on Georges
Bank and flanking Nantucket Shoals reaches WS-bloom
levels (2-8 pg/1). In the Middle Atlantic Bight, between
Long Island and north of Chesapeake Bay, the WS-
bloom extends from the coast to the shelf-break (Fig.
11). High Chl, is also observed adjacent to the mouths
of estuaries in the Middle Atlantic Bight, but Chl in
the nearshore bight has generally decreased from the
January-February period. Some exceptionally low val-
ues (0.13-0.25 ug/1) are present in the central region
of the Gulf of Maine. (Note, however, that the compos-
ite distribution in March-April for the northern half of
the Gulf of Maine is based on very few observations
(Fig. 13) and may notrepresent true mean conditions).

In May—June, the highest Chl  values (~2-4 ug/1)
occur near the Middle Atlantic Bight estuaries and over
shallow areas on Georges Bank. In both areas values are
lower than in the preceding period. The lowest Chl
(0.25-0.5 pg 1I1) is found along the shelf-break in the
Middle Atlantic Bight.

Overall, the July-August period represents the an-
nual minimum in mean water column concentrations
of chlorophyll a. On Georges Bank, Chl  has decreased
progressively since the annual peak in March-April. In
the Middle Atlantic Bight, the 2 ug 17! isochlor has
receded from the 60 m to the ~40 m isobath since the
May—June period. Water column chlorophyll concen-
tration is again highest in the nearshore Middle Atlan-
tic Bight and the shallow water on Georges Bank.

The pattern of Chl  distribution in the Middle Atlan-
tic Bight during September—October is similar to the
distribution during July-August, except that in the
nearshore area (~<30 m) levels during September—Oc-
tober are higher (Fig. 11). Similar increases are evident
in the shallow water on Georges Bank, Western Gulf of
Maine, and off the coast of Nova Scotia. These relative
increases constitute the fall bloom, an event of lesser
magnitude than the WS-bloom.

During November—December, phytoplankton distri-
bution on Georges Bank is similar to the pattern in
September-October. In the nearshore Middle Atlantic
Bight, Chl, ranges between 2 and 5 ug 1!, a slight
increase over the September-October period. Mean
values exceeding 2 ug I"! occur nearshore, between
Narragansett Bay and the southern flank of Nantucket
Shoals (Fig. 11). In the Middle Adantic Bight, the 2 ug 1!
and 1 pg I'! isochlors extend farther offshore in Novemn-
ber-December than during the preceding period, indi-
cating a seaward extension of the fall bloom. Throughout
much of the northern Gulf of Maine, chlorophyll concen-
trations are below 0.5 ug "', much less than values on
Georges Bank and the nearshore Middle Atlantic Bight.

Horizontal Distribution of
Netplankton/Nanoplankton

There is considerable horizontal and temporal varia-
tion in the size composition of the phytoplankton com-
munity, indexed as percent netplankton (Fig. 14).
Throughout most of the year, percent netplankton gen-
erally decreases from the nearshore to offshore Middle
Adantic Bight. Similarly, an annular, bathymetric pat-
tern in phytoplankton size composition is evident on
Georges Bank, where percent netplankton usually de-
creases from the shallow to deeper water.

In the nearshore areas of the Middle Atlantic Bight,
the shallow water on Georges Bank, and in western Gulf
of Maine, 40-80% of the chlorophyll is bound in the
netplankton size-fraction during January-February. El-
evated percent netplankton occurs in areas with el-
evated Chl  (cf. Figs. 11 and 14) and reflects the initia-
tion of a WS-bloom, presumably comprised of large
diatoms and chains or colonies of smaller diatoms re-
tained on a 20 m mesh. The areas with lowest Chl_also
have the lowest percent netplankton (cf. Figs. 11 and
14). The spatial contrasts in the size composition of the
phytoplankton at this time are extreme: netplankton
predominate in nearshore areas of the Middle Atlantic
Bight and shallow water on Georges Bank, while
nanoplankton predominate in deeper water on Georges
Bank, along the shelf-break, and surrounding the Jor-
dan Basin in the Gulif of Maine.

The advance of the WS-bloom across the Middle
Atlantic Bight and deeper areas on Georges Bank dur-
ing March-April is evident in the distribution of per-
cent netplankton (Fig. 14). The initiation of the WS-
bloom in the western Gulf of Maine and easterly sweep
across the gulf, noted by Curra (1987), is also evident.
March-April is the peak period of netplankton domi-
nance on the northeast U.S. continental shelf.
Netplankton exceeds 60% of the total biomass through-
out a large portion of the Middle Atlantic Bight and
Georges Bank. Although chlorophyll concentrations
are still elevated in the nearshore region of the Middle
Atlantic Bight, there is an overall decrease in percent
netplankton from the January-February period. This
may indicate a successional change toward post-WS-
bloom phytoplankton assemblages.

The composite distributions for May—June and July-
August periods indicate that nanoplankton generally
dominate the phytoplankton (Fig. 14). However, in the
Middle Atlantic Bight, south of Long Island, a broad
band exists where netplankton and nanoplankton are
approximately equal. A similar phytoplankton size com-
position is evident in the shallow water on Georges
Bank. Percent netplankton is relatively high in patches
in the western Gulf of Maine, off Casco Bay and Penob-
scott Bay. July-August is the only period when mean
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Percent netplankton 4

mean, upper 75 m

1977-1988

Jan-Feb Mar-Apr

Figure 14
Distribution of percent netplankton chlorophyll ain the upper 75 m of the water column during Jan-Feb, March-Apr, May—june,
July-Aug, Sept-Oct, and Nov-Dec. Depth-weighted means (Chl ) were composited by tile and 2-mo periods before contouring.
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percent netplankton values do
not exceed 60% in the shallow
areas of Georges Bank. During
September—October and con-
tinuing through November-De- r
cember, percent netplankton in- L
creases on Georges Bank, reach-
ing 60-80%. in contrast, except
for patches off Narragansett Bay,
only modest changes in percent
netplankton are seen in ihe
Middle Atlantic Bight from July—
August to November-December.

There is a direct relationship
between mean Chl and mean
percent netplankton throughout
the annual cycle (Fig. 15) and
increases in Chl , particularly
above 1 ug 1°!, are more related
to netplankton increases than to
nanoplankton increases. During
many of the two-month periods,
elevated levels of Chl  are ob-
served in areas adjacent to the
three Middle Atlantic Bight es-
tuaries. Malone etal. (1980) sug-
gested that during winter-spring
periods of netplankton abun-
dance in coastal water, the coastal
water acts as a source and the
estuary as a sink for netplankton.
In the stratified season, the
nanoplankton and flagellate
blooms in the estuarine surface

Percent netplankton

100

80}

6

0 1
Chlorophyll a (ug/)

Figure 15

water represent a source of new
phytoplankton and the coastal

Relationship between mean percent of water column chloruphyll in netplankton
and mean water column chlorophyll 2 concentration for Jan-Feb, March-Apr,
May-fune, July-Aug, Sept-Oct, and Nev-Dec. Data points represent means for

water a sink, each tile.

Percent Phaeopigment

The percent phaeopigment index provides additional
diagnostic information on the plankton community.
Very low values indicate rapid phytoplankton growth
combined with minimal grazing by zooplankton. High
values are not as unambiguously interpreted. They would
indicate either a senescent phytoplankton community
or extensive grazing by copepods (Downs and Lorenzen,
1985; Falkowski et al., 1988), or methodological error
due to chlorophyll #and ¢ (Trees etal., 1985).

Despite this ambiguity, regular, distinct patterns of
increasing percent phaeopigment from shallow to deep
water are evident in the two-month composite distribu-
tions (Fig. 16). Percent phaeophytin is relatively low in
Middle Atantic Bight shelf water and shallow water

over Georges Bank and relatively high in the offshore
Gulf of Maine and along the shelf-break. In many of the
subareas, seasonal variation in median percent phaeo-
pigment is modest or not apparent. Over the annual
cycle the range of median values is ~20% and in some
areas only 10%. The largest seasonal variation appears
in subareas where WS-bloom is intense or prolonged.
During January-February, the lowest percent phaco-
pigment occurs in regions with highest Chl  and high-
est percent netplankton (cf. Figs. 11, 14, and 16). Val-
ues below 20% are evident nearshore, in large patches
adjacent to the Hudson-Raritan and Delaware estuar-
ies, Narragansett Bay, and the western Gulf of Maine
(Fig. 16). Over most of Georges Bank and the eastern
half of the Gulf of Maine, values exceed 30%, whereas



24 NOAA Technical Report NMFS 139

Percent phaeopigment

mean, upper 75 m

1977-1988

Jan-Feb

Figure 16
Distribution of average percent phacopigment in the upper 75 m of the water column during Jan-Feb, March-Apr, May-June, July-
Aug, Sept-Oct, and Nov-Dec. Depth-weighted means (Chl ) were composited by tile and 2-mo periods before contouring.
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throughout most of the Middle
Atlantic Bight shelf water, val-
ues are less. The percent
phaeopigment index reinforces
the generalization, based on in-
creases in Chl  and increases
in percent netplankton, that
the WS-bloom commences in
January-February in the near-
shore areas of the Middle At-
lantic Bight and the western 0! .
Gulf of Maine, and extends 0 20
throughout the Middle Atlan- '
tic Bight and over Georges Bank
during March-April.

Overall, the percent phaeo-
pigment index is highest dur-
ing the July-August and Sep-
tember—October periods. In
November—-December, percent
phaeophytin is high (>30%)
throughout most of the Gulf of
Maine, when compared with
the band of relatively lower val-
ues extending throughout most
of the Middle Atlantic Bight
and onto the shallow water on
Georges Bank.

Percent phaeopigment

0 20

Throughout the annual 10F Sep-Oct
cycle, percent phaeopigment ol
generally decreases as the per- 0 20

cent netplankton and Chl  in-
crease (Fig. 17). Since the in-
creases in Chl_above 1 g1 are
primarily due to the netplank-
ton (Fig. 15), low percent
phaeopigment values probably
reflect relatively rapid (net-
plankton) growth. Alterna-
tively, actively dividing chain
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PR : 0L ‘ B
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Relationship between mean percent phaeopigment and mean percent
netplankton in the upper 75 m of the water column during Jan-Feb, March-Apr,
May—June, July-Aug, Sept-Oct, and Nov-Dec. Data points represent means for
each tile. Line represents functional regression (n=number of observations,
r=correlation coefficient, s=functional slope, i=functional intercept).
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and colonial forms of phy-

toplankton and larger dino-

flagellates are likely to be retained in the netplankton
pigment fraction, whereas chlorophyll degradation
products such as phaeophytin a would tend to be deci-
mated and more likely recovered in the particulate
fraction passing the 20 m mesh (nanoplankton). These
percent phaeopigment patterns reported may also re-
flect temporal and spatial variation in phytoplankton
species composition and pigment composition (the rela-
tive amounts chlorophylls a, 5, and ¢), because the
fluorometric method used here to derive chlorophyll a
and phaeophytin a is known to be influenced adversely
by moderate concentrations of chlorophyll 4 and chlo-
rophyll ¢ (Trees et al., 1985; Welschmeyer, 1994).

Recurring Patterns in Phytoplankton Biomass

There are recurring patterns in the distribution of phy-
toplankton chlorophyll on the northeast U.S. shelf that
are evident throughout most of the year (Append. Fig.
B1-B38). In general, chlorophyll concentrations de-
crease with increasing bottom depth and distance from
shore. On Georges Bank, relatively high concentrations
of Chl, are consistently found within the shallow, tid-
ally well-mixed waters approximately delineated by the
60 m isobath. Chloropleths which decrease from shal-
low to deep (e.g. Append. Figs. B11, B15, B20, B22,
B33, B34, and B35) are roughly concentric (annular)



26 NOAA Technical Report NMFS 139

around the epicenter which is generally found toward
the middle of the southern half of the shallows (Fig. 5:
Tiles 123, 147, 148, 156). Similarly, in the MAB,
chloropleths frequently parallel isobaths. Water col-
umn chlorophyll concentration is usually highest in
shallow water and decreases offshore with increasing
bottom depth until minima are reached along the shelf-
break. Exceptionally high (>8 ug 1-') Chl_, when present
in the Middle Atlantic Bight (Table 2), usually occurs
near the mouths of the Hudson-Raritan, Delaware, and
Chesapeake bays, areas receiving high concentrations
of river-borne nutrients (e.g. Malone, 1976; Malone,
1984). Occasionally, high Chl  concentrations are found
in Middle Atlantic Bight coastal waters not in close
proximity to estuaries, and may reflect upwelling epi-
sodes. High Chl are also found in a small area along
the southeast edge of Nantucket Shoals (Table 2). In
the Gulf of Maine, Chl is usually greatest near the
coast in pockets near Cape Cod Bay, Massachusetts Bay,
Casco Bay, and Penobscott Bay. Highest concentrations
are generally found between Penobscot and Casco bays.
Lowest values are generally found in the deeper water
over the offshore basins.

Cross-Shelf Chlw Gradients

A significant portion of the spatial variation in phy-
toplankton biomass is related to bottom depth. When
considering the entire dataset, there is nearly an eight-
fold decrease in Chl  from the shallowest to the deep-
est water column sampled (Fig. 18). The correlation
coefficient between log, (Chl , ug 1"l and log, (bottom
depth, meters) is —0.53 and the linear regression (least-
squares-y) is highly significant at <0.00001 P. The re-
gression line in Fig. 18 does not represent well those
areas deeper than ~250 m, because sampling was usu-
ally limited to the upper 100 m and chlorophyll con-
centrations below 100 m are less than those above.
Therefore, values in the deep water overestimate Chl
and are above the regression line. The independence
between Chl  and bottom depths greater than ~250 m
suggests that the depth of the permanent thermocline
over slope water (and the relevant vertical mixing depth
for plankton in these areas) may express the relation-
ship more appropriately.

When we examine the data by region and season we
find significant exceptions to the above-generalized
cross-shelf Chl gradient. In fact, there is a distinct
seasonality in the magnitude of the cross-shelf chloro-
phyll gradient and notable differences among shelf
regions (Fig. 19). The steepest cross-shelf Chl  gradi-
ents on Georges Bank occur during February and March.
Water column chlorophyll concentration in the shal-
lowest water sampled is approximately 25-38 times Chl |

Table 2

Rankm.g of tiles with Chl_ exceeding 8 ug I"' two or

more times.

Tile Subarea Frequency
55 MAB! Hudson-Raritan plume 28.0

187 MAB Hudson-Raritan plume 17.0
12 MAB Chesapeake plume 11.0

185 MAB central nearshore 9.0
29 MAB Delaware plume 9.0

184 MAB Delaware plume 7.0
28 MAB southern nearshore 7.0
23 MAB southern nearshore 5.0
93 GB? Nantucket shoals 4.0
13 MAB southern midshelf 3.0
56 MAB central nearshore 3.0
33 MAB central nearshore 3.0
41 MAB central nearshore 2.0
42 MAB central nearshore 2.0
68 MAB central nearshore 2.0
21 MAB southern nearshore 2.0
11 MAB southern nearshore 2.0
76 MAB northern midshelf 2.0

123 GB central shoals 2.0

148 GB centural shoals 2.0

126 GOM? Wilkinson Basin 2.0

I MAB=Middle Atlantic Bight.

2 GB=Georges Bank.

3 GOM=Gulf of Maine.

in the deepest water. This is a significant departure
from the mean cross-shelf gradient of 8:1 shown in Fig.
18, and reflects the initiation of the WS-bloom in shal-
low central Georges Bank. Similarly, the steepest gradi-
ents in the Middle Atlantic Bight reflect the appear-
ance of the WS-bloom nearshore in January-February.
As the WS-bloom spreads offshore in the Middle Atlan-
tic Bight during March-April and into deeper water on
Georges Bank during April, cross-shelf Chl, gradients
drop precipitously, approaching the annual minimum.
In a number of surveys that captured WS-bloom condi-
tions, cross-shelf gradients in chlorophyll are not obvi-
ous (Append. Figs. B16, B17, B22, B23, and B26).

On Georges Bank, Chl_ gradients are low from June
through August when the central tidally-mixed area
reaches its annual Chl, minimum (Fig. 11; Append.
Figs. B6 and B19). During summer the presence of a
pronounced subsurface chlorophyll maximum layer in
the seasonal thermocline in deeper, stratified waters
also tends to diminish the magnitude of the cross-bank
Chl, gradient (see section “Subsurface Chlorophyll
Maximum” below).

In the Gulf of Maine, Chli  gradients are muted rela-
tive to the Middle Atlantic Bight and Georges Bank.
Many of the estimated gradients (linear regression
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Figure 18

(Above) Relationship between Chl, and bottom depth (all data). Line represents

least-squares linear regression (r=correlation coefficient).

Figure 19
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(Right) Cross-shelf (bathymetric) gradient in Chl, and mean Chl  versus month for
Gulf of Maine, Georges Bank, and Middle Atlantic Bight regions. Cross-shelf gradi-
ents were computed as the product of the slopes from least-squares-y regressions of
log, (water column chlorophyll a) on log, (bottom depth) times the depth range for
each region (Gulf of Maine: 32-256 m, Georges Bank: 22.6-256 m, Middle Atlantic
