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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



O’Reilly & Zetlin: Seasonal, Horizontal, and Vertical Distribution of Phytoplankton Chlorophyll a 7

77° 75° 73° 71°

Maximum Tidal (M2)
Surface Current (cm/s)

36°

72° 70° 68° 66°

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.



12 NOAA Technical Report NMFS 139

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




O’Reilly & Zetlin: Seasonal, Horizontal, and Vertical Distribution of Phytoplankton Chlorophyll a 13

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%
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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
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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)
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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
Bight: 8-256 m). Bottom depths greater than 256 m were ignored in the regression.
The linear regression model explained a significant portion of the chlorophyil o+ — -0
variation (probability of a larger F-value<0.001) and computed regression slopes JFMAMI JASOND

were significantly different from zero (p<0.001) for all gradient values except those

circled (not significant, n.s.).

slopes) are not significantly different from zero. Still,
the annual maximum gradient occurs during March,
the time of the WS-bloom in the western gulf.

The cross-shelf, depth-related decrease in the mean
water column chlorophyll a reported here has also
been observed during oceanographic surveys of other
shelf ecosystems, such as the Southern California Bight
(Eppley et al., 1978), the Southeast Atlantic Bight
(Haines and Dunstan, 1975), and in coastal waters off
Washington and Oregon (Anderson, 1964). The gen-
eral cross-shelf gradient in phytoplankton pigment con-
centrations in near surface water on the northeast U.S.
continental shelf is also evident in monthly composites
of satellite images remotely sensed using the CZCS
(Feldman et al., 1989). Off the coast of Georgia, in the

Southeast Atlantic Bight, Bishop et al. (1980) found
high concentrations of chlorophyll in nearshore sur-
face water (1.9-8.0 ug/1), and lower concentrations at
midshelf, 20-30 km offshore (<1.0 pg/1). Along the
shelf-break, 100 km offshore, they observed even lower
values (0.1-0.2 ug) in surface water throughout the
year, except during upwelling episodes when concen-
trations reached ~2-6 ug/l. Occasionally our surveys
detected small patches of high Chl along the shelf-
break (Append. B), where low concentrations are usu-
ally observed. Phytoplankton in these areas may be
responding to localized nutrient enrichment due to
upwelling along the shelf-break, although this process
is not as obvious or recurrent in our data as in other
studies of the area (Marra et al,, 1990) or along the
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shelf-break south of Cape Hatteras (Yoder et al., 1983,
1985).

A somewhat different pattern from water column
average chlorophyll emerges when the chlorophyll data
are integrated to 75 m (Chl,) and expressed as standing
stocks per m? (Fig. 20). Integrated chlorophyll will
naturally underestimate standing stocks in water deeper
than 75 m, and more so during the unstratified season
than the stratified season, when concentrations are
modest below 75 m. As is the case for Chl_, bathymetric
gradients in Chl, are present on Georges Bank during
each of the two-month periods, the most pronounced
during the March-April WS-bloom. However, the cross-
shelf gradient in Chl. in the Middle Atlantic Bight dif-
fers from the cross-shelf decreases in Chl, (cf. Fig. 11,
20). During the March-April WS-bloom, Chl, is higher
at mid- and outer shelf and shelf-break areas than
nearshore, except for small patches near the estuaries.
These observations agree with those reported for the
New York Bight (Malone etal., 1983b). Off Chesapeake
Bay, Chl.l increases from the coast to the shelf-break
(March-April, May—June) or is relatively uniform across
the shelf (remaining periods). In this area, there is no
strong onshore-offshore bathymetric gradient as found
to the north (Fig. 20); the 60 m isobath converges
offshore with the 200 m isobath, resulting in a narrow,
uniformly shallow shelf.

Recurring Patterns in
Phytoplankton Size Composition

Recurring onshore-offshore patterns in the size compo-
sition of the phytoplankton on the northeast U.S. shelf
are also evident in the two-month composite maps of
size-fractionated Chl,, (Fig. 14) and in the distributions
from individual surveys (Append. B). However, the size-
structure pattern varies more by season and region
than does biomass. Generally netplankton dominate
phytoplankion in areas where Chl, is consistently high,
such as the nearshore Middle Atlantic Bight and the
shallow water on Georges Bank, while nanoplankton
dominate in areas that have low Chl,, such as deeper
water along the slope and in deep offshore water in the
Gulf of Maine. These general gradients in size composi-
tion reflect the shift from a predominantly diatom flora
nearshore to a phytoflagellate flora offshore (Marshall,
1976, 1984; Malone et al., 1983b). Curra (1987) re-
ported that total phytoplankton cell abundance (pri-
marily diatoms) during early spring and summer in the
shallow waters on Georges Bank is at least ten times that
observed in the surrounding deeper water (primarily
dinoflagellates). The prolonged presence of diatoms fol-
lowing the WS-bloom seems to be a characteristic feature
of shallow, vertically well-mixed waters on Georges Bank.

In contrast, diatoms are particularly sparse in the cen-
tral Gulf of Maine during summer (Curra, 1987).

Onshore-offshore gradients in the size composition
of the phytoplankton have been observed on other
continental shelves. Bishop et al. (1980) reported a
seaward decrease in percent netplankton (>10 pwm) in
the South Atlantic Bight off the coast of Georgia.

Annual Cycle of Chl

Water column chlorophyll concentration generally fol-
low an annual cycle typical of temperate shelf ecosys-
tems. In most shelf areas, Chl is low from late spring
through late summer, the period of strongest vertical
density stratification of the water column, and relatively
high during the unstratified season, with highest values
observed during spring and fall blooms (Fig. 21). Fall
bioom is generally subordinate in magnitude to spring
bloom. Minor blooms or “bursts” occur outside of spring
and fall bloom time periods but their duration is short
and their occurrence unpredictable from year to year
as they result from conditions temporarily favorable for
phytoplankton growth or accumulation.

This general cycle is most recognizable in the central
and northern midshelf areas of the Middle Atlantic
Bight (Fig. 21). However, it is also obvious that there is
considerable variation among shelf areas in the timing
and duration of winter-spring and fall blooms, and in
the overall magnitude of Chl . WS-bloom begins earlier
(January-February) and persists longer in southern and/
or shallow waters than in northern and/or deeper wa-
ters. By March, WS-bloom is in progress over most of
the shelf between Long Island and north of Chesa-
peake Bay. By April, WS-bloom is past throughout most
of the shelf except deeper northern.waters which have
Chl, peaks in April (Gulf of Maine Wilkinson Basin,
Georges Bank southern flank, and Georges Bank Great
South Channel) and April-May (Georges Bank north-
ern slope).

With the exception of areas in the Middle Atlantic
Bight influenced by river plumes, Chl over the entire
shelf are at or near annual minima during July and
August (Figs. 11 and 22). Only during this period are
most stratified shelf areas at the same stage of the
annual cycle, when cross-shelf gradients in Chl are
weakest (Fig. 19). Water column chlorophyll concen-
tration is low from May through September throughout
the Middle Atlantic Bight, and in subareas—Georges
Bank southern flank, Georges Bank northern slope,
and Gulf of Maine western, Wilkinson Basin, and
Georges Basin. Like spring bloom, fall bloom progresses
from shallow to deeper water, beginning early in south-
ern shallow water in October and starting in deeper
water in October—November.
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Chlorophyll a
Integrated, upper 75 m
1977-1988

Jan-Feb

Figure 20
Contoured distribution of integrated 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. Integrated chlorophyll a data were composited by tile and 2-mo periods before contouring.
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Figure 22
Mean water column percent netplankton versus month for 26 subareas of the northeast U.S. continental shelf. Individual

observations are represented as dots. The solid line connects monthly means.
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A regular seasonal progression of netplankton/
nanoplankton is evident, with percent netplankton
maxima usually coinciding with Chl, maxima during
spring and fall blooms (Fig. 22). However, even though
percent netplankton is at its annual maximum, the
phytoplankton community is not necessarily strongly
dominated everywhere by netplankton as might be ex-
pected based on the spring bloom paradigm. In deeper
areas of the Middle Atlantic Bight, on Georges Bank,
and in the Gulf of Maine, the annual cycle of percent
netplankton generally follows that of chlorophyll (cf.
Figs. 21 and 22). In shallow waters less than 60 m
during stratification, neither netplankton nor nano-
plankton strongly dominate (percent netplankton ~40-
60%). In the outer shelf and slope, nanoplankton gen-
erally are strongly dominant through September (per-
cent netplankton~10-30%) and become less dominant
in October when Chl  begins to increase.

The summer pattern in the southern part of the Gulf
of Maine (western Gulf of Maine, Wilkinson Basin, and
Georges Basin) is similar to that of the Middle Atlantic
Bight. Following the WS-bloom, Chl_ is low (~.75-1.0)
and in the western Gulf of Maine increases in October.
The percent netplankton in the southern Gulf of Maine
follows the pattern of outer shelf (Middle Atlantic Bight)
waters. It ranges from ~10-20% and increases during
October (Georges Basin) and November (western Gulf
of Maine and Wilkinson Basin).

Vertical Distribution of Chlorophyll

Some extremely interesting and regular features in the
vertical distribution of phytoplankton are obscured in
portrayals of average water column concentrations pre-
viously described. The vertical distribution of chloro-
phyll a across the continental shelf is illustrated as
cross-sections for individual MARMAP surveys in Ap-
pend. B. To characterize typical regional and seasonal
patterns in vertical distribution of phytoplankton biom-
ass and size composition, monthly mean profiles were
constructed for subareas of the Middle Atlantic Bight,
Georges Bank, and the Gulf of Maine (Figs. 23-25).
Depending on bottom depth, up to 11 layers of the
water column are represented in a mean chlorophyll a
profile. Layers (depth strata) are approximately cen-
tered on standard sampling depths: 1, 5, 10, 15, 20, 25,
30, 35, 50, 75, and 100 m. These composite profiles
complement two-month shelfwide distributional contours
described earlier (Figs. 11 and 14) by providing greater
temporal and vertical resolution but less horizontal reso-
lution of trends, since many tiles are grouped into each
subarea. To enhance legibility and enable seasonal and
regional comparisons, estimates of data dispersion about
the mean values forming each profile are not graphed.

There are large seasonal changes in the vertical dis-
tribution of phytoplankton which are mostly related to
seasonal changes in density stratification (Figs. 23-25).
Four general profile shapes are evident: uniform, de-
clining, bell, and inverted. Vertically uniform chloro-
phyll @ profiles are most obvious from November
through February, the period of minimal density strati-
fication (e.g. January-April, outer Middle Atlantic
Bight), and year-round in the tidally well-mixed shallow
water on Georges Bank (e.g. Georges Bank northern
and central shoals). Declining vertical profiles occur
during the winter-spring and fall blooms, where high-
est biomass appears in the upper 20-30 m of the col-
umn (e.g. September-November, nearshore Middle
Atlantic Bight). Inverted profiles occur infrequently.
They are most obvious following the WS-bloom, when
elevated concentrations of chlorophyll a appear near
the bottom of the water column in the midshelf region
of the Middle Atlantic Bight, but they are not found on
Georges Bank and in the Gulf of Maine. Bell-shaped
profiles characterize periods of vertical density stratifi-
cation. Chlorophyll a is relatively low near surface, pro-
gressively increases forming a subsurface chlorophyll
maximum layer generally in the pycnocline (20-35 m
below surface), and then progressively decreases over
the remaining deeper portion of the profile. Subsur-
face chlorophyll @ maxima are ubiquitous during sum-
mer in stratified water. Chlorophyll a in the subsurface
maximum layer is generally 2-8 times the concentra-
tion in the overlying and underlying water and ap-
proaches 50-75% of the levels observed throughout
the upper mixed layer during WS-bloom.

The composite profiles of chlorophyll a also reveal
large vertical gradients in the size composition of phy-
toplankton during the stratified season. Usually, per-
cent netplankton increases with increasing depth be-
low surface. In some areas, such as the midshelf and
outer shelf Middle Atlantic Bight (Fig. 23), percent
netplankton increases from ~10-20% at surface to 40—
70% at 50 m below surface, suggesting substantial verti-
cal differences in the species composition of phytoplank-
ton. Similar but less sharp gradients are observed dur-
ing summer in the deeper stratified water on Georges
Bank and in the Gulf of Maine.

In general, during late fall and winter the water col-
umn is well-mixed and chlorophyll a is evenly distrib-
uted throughout the water column in shallower areas
and to ~35-50 or 100 m in some of the deepest areas
sampled (Figs. 23-25). The transition between summer
stratification and well-mixed conditions begins as the
upper mixed layer deepens, the water column chloro-
phyll @ maximum is found near surface, and the distri-
butional pattern changes to declining. Subsequent deep-
ening of this upper mixed layer leads to the uniform
chlorophyll a distribution observed during winter. This
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pattern is clear in the Gulf of Maine, deeper waters of ing areas where summer stratification is observed). By
Georges Bank, and in the Middle Atlantic Bight from November, chlorophyll a is vertically uniform in the
midshelf Lo the slope. In general, the bell shape disap- upper 35-50 m and remains so until February—March
pears during September (Jordan Basin, Georges Basin, when the transition to stratified conditions begins. In
and the northern Gulf of Maine) or October (remain- the Gulf of Maine (except the western gulf) and the
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Figure 23
Monthly composile profiles of chlorophyll @ and percent netplankion for subareas in the Middle Adantic Bight.
(See Tig. 8 lor location of subareas.) The profiles were generated by averaging all observations within each of 11
depth strata by month. Depth strata bracketed standard sampling depths; 1 m (0<3); 5 m (3<8); 10 m (8<13); 15 m
(13<18): 20 m (18<23); 25 m (23<28); 30 m (28<33); 35 m (33<38); 50 m (38<63); 75 m (63<88); 100 m (88<113).
Fourstrata are marked: 1 m (large open circle), 20 m (small open circle), 50 m (small solid circle), and 100 m (large
open triangle). The number of water samples in the monthly composite is shown below each chlorophyll a profile.
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Figure 23 (continued)

southern slope of the Middle Atlantic Bight, the depth
of uniform chlorophyll distribution deepens to 100 m
in January and/or February.

Unlike the fall transition, when water column distri-
bution patterns are similar among all areas that are
stratified, the distributional pattern in the water col-
umn during spring transition varies among areas. By
February or March in nearshore and midshelf Middle
Atlantic Bight, chlorophyll ais distributed in the water
column in an inverted pattern and remains so until the
appearance of the bell-shaped distribution. In slope
waters, outer shelf Middle Atlantic Bight, and the Gulf
of Maine, the spring profile is declining. Generally the
transition starts in March in southern waters and in
April in northern gulf and Georges Bank waters. Re-
gardless of area, it generally takes two months for the
bell-shaped distribution and subsurface maximum to
appear, occurring in May in the south and June in the
north. Once formed, the bell shape is most distinct in
the Middle Atlantic Bight (central nearshore, northern
and central midshelf, outer shelf and slope); Georges
Bank southern flank and northern slope; and Gulf of
Maine, all regions except Scotian Shelf. In other areas,

subsurface maxima are present but the bell shape is
missing (Middle Atlantic Bight southern nearshore;
Scotian Shelf) or weakly defined (Middle Atlantic Bight
southern midshelf; Georges Bank Great South Chan-
nel, eastern outer shoals, and southern flank).

In shallow areas influenced by estuarine plumes and
in the shoal areas of Georges Bank (Figs. 23- 25), the
vertical distribution of chlorophyll a does not fit the
seasonal cycle described above. Vertical profiles for
subareas adjacent to the Hudson-Raritan, Delaware,
and Chesapeake estuaries are “noisier” than compa-
rable nearshore areas remote from the estuaries. This is
expected, given the high temporal variability, sharp
horizontal gradients associated with estuarine plumes,
the small size of these subareas, and our infrequent
sampling. In the Hudson-Raritan Plume, for instance,
the chlorophyll profile shape is declining within the
water column throughout the year except during Feb-
ruary, March, July, and December, when a subsurface
maximum is present (Fig. 23).

The following sections characterize monthly varia-
tion in the vertical distribution of chlorophyll a by
region and subarea, beginning with the Middle Atlantic
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Figure 24
Monthly composite profiles of chlorophyll a and percent netplankion for subareas on Georges Bank. See Fig. 8 for
location of subareas and Fig. 23 caption for additional details.
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Bight. Once basic patterns in the annual cycle are fa-
miliar, only noteworthy similarities and differences be-
tween previously described subareas are presented to
avoid repetitious descriptions.

Middle Atlantic Bight—A number of temporal and spa-
tial distributional features evident in the water column
average concentrations discussed earlier are also evi-
dent in the composite vertical profiles for the Middle
Adantic Bight (Fig. 23). The general trend of decreas-
ing phytoplankton biomass from nearshore to slope
water is readily discerned. With some exceptions, this
onshore-offshore gradient is present at each depth stra-
tum year-round; however, the gradient is steeper in
surface water than at mid-depths in the column. The

general trend of decreasing netplankton dominance
from nearshore to the slope is also illustrated in the
composite profiles and is particularly evident during
summer (Fig. 23).

Hudson-Raritan Plume—In the Hudson-Raritan
Plume subarea, highest chlorophyll ais usually observed
in the surface; chlorophyll a generally decreases toward
the bottom of the water column. The WS-bloom ap-
pears during January-February as an increase in both
chlorophyll @ and percent netplankton from Novem-
ber-December. Winter-spring bloom is strongly domi-
nated by netplankton, presumably diatoms. The annual
maximum biomass in surface water appears in August
when brackish water from the estuary generates the
annual minimum surface salinity (Benway et al., 1993).
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Figure 25
Monthly composite profiles of chlorophyll a and percent netplankton subareas of the Gulf of Maine. See Fig. 8 for
location of subareas and Fig. 23 caption for additional details.




O’Reilly & Zetlin: Seasonal, Horizontal, and Vertical Distribution of Phytoplankton Chlorophyll a 39

Over the annual cycle, netplankton prevail over nano-
plankton, except during May—June when nanoplank-
ton dominate in the upper layer. During the remaining
months, vertical gradients in size composition are weak.

Delaware Plume—Despite the small sample size used
to form composite profiles, an annual chlorophyll a
cycle is evident (Fig. 23). A vigorous WS-bloom, strongly
dominated by netplankton with chlorophyll a exceed-
ing 10 pg/1, is observed in February (in January there is
insufficient sampling)}. Following WS-bloom, chlorophyll
a declines, reaching minima during the stratified sea-
son as netplankton are replaced by nanoplankton. Ver-
tical size composition gradients are weak except per-
haps during May-August when percent netplankton
increases with depth.

Chesapeake Plume—Sampling frequency is inad-
equate to characterize well the general vertical and
seasonal trends in the Chesapeake Plume subarea, ex-
cept to note that chlorophyll ¢ is generally elevated and
in the same range as observed for the Hudson-Raritan
and Delaware Plume subareas. In August, a species-
succession favoring netplankton occurs here, as well as
in the Delaware and Hudson-Raritan subareas.

Nearshore—In the central and southern nearshore,
mean chlorophyll a is elevated above 1 pug I"! through-
out the year in nearly all depth strata (Fig. 23). The
annual cycle is well defined, with minima during the
stratified season and maxima during the unstratified
season. Chlorophyll ¢ and netplankton increase pro-
gressively from September to the WS-bloom maxima.
Thus, WS-bloom is defined more by the timing of the
annual peak than by abrupt changes in either biomass
or phytoplankton size composition. Winter-spring bloom
in the southern nearshore occurs during January-Febru-
ary but in the central nearshore it persists from January
through March, and netplankton are more abundant.

During October, a fall bloom is indicated by chloro-
phyll a and netplankton increases over September val-
ues. The fall bloom in the southern nearshore is marked
by more abrupt increases in chlorophyll a and percent
netplankton than that in the central nearshore. Fur-
thermore, the fall bloom does not constitute the sec-
ondary annual maximum since biomass following the
bloom, in November—December, is higher.

Subsurface chlorophyll a maxima (SSM) emerge 15—
20 m below surface during June—August. Chlorophyll a
in these maxima is more than half the concentration
observed during WS-bloom. Subsurface maxima tend
to be near bottom in the relatively shallow southern
nearshore water column; in the central nearshore, pro-
files take on a bell shape with lower chlorophyll a above
and below the SSM. Bell shape profiles weaken in Sep-
tember and are replaced by more vertically uniform
chlorophyll @ and percent netplankton profiles during
October. Presumably this is the result of destratification

of nearshore water which can begin, with significant
interannual variation, throughout September and is
usually complete by mid October (Ingham et al., 1982).

From October through March, the period when ver-
tical density stratification is weak and intermittent in
the nearshore Middle Atlantic Bight, there are shifts in
the size composition of the phytoplankton and in the
magnitude of chlorophyll ¢, but the percent netplankton
profiles are essentially vertically uniform (Fig. 23). In
contrast, during the stratified season, there are vertical
gradients in phytoplankton size composition. For in-
stance, during July percent netplankton increases from
~10% near surface to ~60% at the bottom of the
southern nearshore profile (Fig. 23). The percent
netplankton profile for August presents an exception
to this pattern; netplankton prevail throughout the
water column. Perhaps this netplankton shift from the
preceding month reflects the appearance of large mo-
tile dinoflagellates? Alternatively, nonmotile netplank-
ton may be responsible. Benway et al. (1993) report
relatively large temperature variations nearshore dur-
ing August, which they attributed to wind-forced mix-
ing of the shallow water column and upwelling/
downwelling events. Presumably these interruptions of
stratification enrich the surface waters with subpycno-
cline nutrients as well as reinject netplankton species,
already abundant near the bottom of the column, into
the upper layer.

In the nearshore Middle Atlantic Bight, netplankton
are an important component of the plankton from
October through April, and during August (Fig. 23). In
fact, this sustained contribution by netplankton through-
out much of the year is a characteristic feature of the
nearshore bight.

Midshelf—As in the nearshore, a clear annual chlo-
rophyll a cycle is evident in the three midshelf subareas
(Fig. 23). Netplankton increase during a prolonged
WS-bloom beginning in January, achieving maximum
dominance in March. The precipitous netplankton de-
cline in April, particularly in the upper column, signi-
fies the end of the WS-bloom.

A secondary biomass peak, half that achieved during
WS-bloom, appears during the October fall bloom.
There are important differences between WS-bloom
and fall bloom. During the WS-bloom, biomass is el-
evated throughout the water column and netplankton
clearly dominate, but during fall bloom biomass in-
creases are restricted to the upper 20 m and netplankton
and nanoplankton are approximately equal.

There is indication that WS-bloom diatoms are set-
tling out of the water column in March and April; the
shape of the composite chlorophyll a profile (inverse)
is very different from the vertically uniform profiles in
January and February and from those constructed for
the rest of the year. April biomass progressively in-
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creases fourfold from surface to near bottom in the
northern midshelf, and twofold in the central midshelf
and southern midshelf. Additionally, large vertical gra-
dients in phytoplankton size composition and presum-
ably species composition are established in April follow-
ing WS-bloom; nanoplankton replace netplankton in
the upper column and netplankton continue their preva-
lence in the lower column.

The annual minimum surface chlorophyll ais during
June-August when pronounced SSM appear in the sea-
sonal thermocline 20-25 m below surface. Biomass in
the central midshelf SSM approaches values observed
during WS-bloom. Steep vertical gradients in phy-
toplankton size composition appear from April through
September, the steepest in the central midshelf. Similar
to the nearshore, there is an August netplankton pulse
in the southern midshelf and an increase in percent
netplankton without concomitant increase in biomass
in the northern midshelf.

Outer Shelf—The basic features of the annual cycle
in the outer shelf regions are similar to those for midshelf
and nearshore areas, but there are notable differences
in the shapes of the composite vertical profiles, the
magnitude and timing of maxima, and in the size com-
position of the phytoplankton. In the midshelf region,
WS-bloom is prolonged from January through March;
in the outer shelf WS-bloom appears distinctly during
March.

In the southern outer shelf, netplankton achieve their
maximum dominance during March, as biomass triples
over values during February. Netplankton in the north-
ern outer shelf are dominant as early as January, but
increases in biomass also do not occur until March. The
WS-bloom in the southern outer shelfis twice as intense
as the northern outer shelf. A marked shift from
netplankton to nanoplankton dominance from March
to April signals the conclusion of WS-bloom. Netplank-
ton are still relatively abundant toward bottom follow-
ing WS-bloom, but phytoplankton do not appear to
accumulate in the lower water column in April, as in
the midshelf bight.

Phytoplankton size composition is vertically uniform,
or percent netplankton increases slightly with increas-
ing depth from October through March. Exceptionally
large vertical gradients in phytoplankton size composi-
tion are established in the southern outer shelf during
April-July. For example percent netplankton grades
from ~10% in surface waters to ~60% near bottom in
June. Presumably, this reflects major vertical gradients
in the species-composition of the phytoplankton. Verti-
cal gradients in phytoplankton size composition are
less sharp in the northern outer shelf.

During the October fall bloom, biomass increases in
the upper 30-35 m of the column but not below.
Nanoplankton dominate the fall bloom, in sharp con-

trast to the strong netplankton dominance during WS-
bioom. The fall bloom, though modest compared with
the WS-bloom, nevertheless represents a four- to five-
fold increase in biomass over levels in the upper surface
layer during stratified conditions. Moreover, as in the
nearshore Middle Atlantic Bight, biomass throughout
the column in November-December exceeds that of
the fall bloom.

Southern Slope—The annual biomass cycle in the
southern slope is similar to that observed in adjacent
outer shelf areas of the Middle Atlantic Bight, but bio-
mass is generally lower in slope water. A distinct and
intense WS-bloom occurs in March. The WS-bloom rep-
resents a fivefold increase in chlorophyll a over values
during February and a shift from 20% to 70%
netplankton. The WS-bloom collapse in April is marked
by a decrease in chlorophyll a and a shift to strong
dominance by nanoplankton in the upper column. Note
that netplankton are still relatively abundant toward
the bottom of the April profile, possibly indicating a
residual WS-bloom community which is subsequently
replaced by nanoplankton in May.

Over the annual cycle, netplankton are not as abun-
dant in the southern slope as in the adjacent southern
outer shelf. Netplankton dominate only during March
and near the bottom of the water column during April.
The remainder of the time, including the October fall
bloom, nanoplankton predominate.

Beginning in May and continuing through Septem-
ber, SSM develop in the seasonal thermocline 25-35 m
below surface. Vertical gradients in percent netplankton
are much less pronounced at this time than in the
adjacent southern outer shelf. Percent netplankton is
quite low in the SSM layer, suggesting that floristic
composition of the thermocline community in the south-
ern slope differs greatly from that of the outer and
midshelf Middle Adantic Bight.

Following the modest October fall bloom in the up-
per 40 m, biomass becomes more vertically uniform,
with increasing destratification from November through
January. By February the most vertically homogeneous
conditions are established in the slope water.

Georges Bank

Northern and Central Shoals—Phytoplankton bio-
mass in the northern and central shoals is comparable
to the high levels observed in central nearshore and
southern nearshore areas of the Middle Atlantic Bight
but less than nearshore areas of the bight influenced by
estuarine plumes (cf. Figs. 23 and 24; also see Table 3).

The annual chlorophyll @ maximum (~5-7 ug/1) is
observed in March. There are no observations in Febru-
ary. However, biomass is exceptionally high through-
out the water column during March, as percent net-
plankton exceeds 70% and biomass declines markedly
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Table 3
Water column chlorophyll a concentration (g 17') by subarea and month. Underlined entries indicate WS-bloom period;
bold font indicates the probable peak in WS-bloom.
Region Subarea JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Mean Rank
Middle Atantic Hudson-Raritan plume 7.63 8.14 6.23 4.87 299 436 338 6.09 683 277 363 411 5.09 1
Bight Delaware plume 3.99 11.25 5.59 5.06 367 376 295 213 489 398 411 431 4.64 2
Chesapeake plume 191 4.06 3.35 836 4.15 147 382 303 678 269 4.06 573 4.12 3
Central nearshore 5.32 5.25 3.88 172 1.67 213 1.84 228 198 242 349 4.00 3.00 6
Southern nearshore  6.69 5.37 262 1.11 193 1.77 1.72 238 195 3.08 401 376 3.03 5
Northern midshelf 3.08 253 3.08 211 1.19 103 114 102 106 123 206 196 179 11
Central midshelf 221 255 3.67 1.28 124 130 109 145 081 144 213 145 1.72 12
Southern midshelf 2.36 3.04 232 100 124 074 064 112 096 145 199 221 159 13
Northern outer shelf 119 1.07 1.40 093 085 066 055 048 053 078 093 112 0.87 18
Southern outer shelf 136 1.25 2.81 116 092 068 0.63 065 056 079 1.09 090 1.07 16
Southern slope 085 042 1.98 101 061 048 040 047 048 048 083 071 073 24
Georges Bank  Northern shoals 0.99 493 136 3.18 258 162 164 368 244 218 136 250 7
Central shoals 1.90 7.29 270 249 250 177 145 252 314 330 330 3.05 4
Nantucket shoals 1.37 443 6.39 206 1.23 343 154 048 248 180 204 231 246 8
Western outer shoals  1.15 298 247 241 251 1.30 065 1.67 161 167 222 195 10
Eastern outer shoals  0.70 3.62 4.38 3.43 264 227 213 120 138 164 151 090 215 9
Great South Channel 0.58 1.13 1.76 3.47 165 198 097 089 091 113 106 104 1.38 14
Northeast peak 050 093 2.28 091 121 080 063 026 072 060 0.57 053 0383 22
Southern flank 094 096 1.18 163 127 114 0.76 068 066 1.08 079 1.06 1.01 17
Northern slope 0.50 0.61 0.57 0.81 096 060 037 039 041 045 051 067 057 26
Gulf of Maine ~ Western 086 201 175 191 079 082 078 1.07 0.80 157 095 150 1.23 15
Northern 0.41 124 0.29 1.31 1.38 0.38 0.55 0.67 152 045 057 085 20
Wilkinson Basin 043 089 075 251 1.07 086 063 053 059 072 074 071 0.87 19
Georges Basin 043 060 1.41 113 098 0.84 055 052 075 081 036 055 0.74 23
Jordan Basin 0.39 048 0.21 0.63 1.00 1.07 0.21 038 068 1.07 043 061 0.60 25
Scotian Shelf 0.31 0.46 0.88 0.80 164 089 068 119 085 027 046 0.85 21

from March to April. Taken together, this suggests the
WS-bloom probably begins in February, peaks during
March, and is over by April. This is supported by Curra
(1987) who examined phytoplankton counts and
changes in species-composition. The magnitude of WS-
bloom is comparable but it does not persist as long as
the nearshore Middle Atlantic Bight WS-bloom.

Following WS-bloom, chlorophyll a is sustained at
high levels (~2 pg I"!) throughout the water column
through June. Annual chlorophyll @ minima are during
July—August and in January. The January minimum is
lower than January biomass in comparably deep areas
of the midshelf Middle Atlantic Bight where WS-bloom
is already underway (cf. Figs. 23 and 24).

Fall bloom appears during September, with chloro-
phyll a increases above the summer minimum and
netplankton more dominant. But fall bloom in the
northern shoals appears greater than in the central
shoals. Following fall bloom, chlorophyll a increases
through December in the central shoals but decreases
in the northern shoals.

A strong seasonality in the phytoplankton size com-
position is present in the central shoals. Netplankton
dominate standing stocks from October through March

when peak dominance (75% netplankton) occurs,
whereas nanoplankton achieve only weak dominance
(40% netplankton) from June through August. The
abundance of netplankton throughout the year is a
characteristic feature of the shallow water on Georges
Bank.

The vertical distribution of chlorophyll « is essen-
tially uniform throughout the year, as are composite
profiles of phytoplankton size composition. There is no
well-defined SSM layer characteristically found in areas
that undergo vertical density stratification during sum-
mer. Temperature and salinity are also vertically uni-
form throughout the year (Bisagni and Sano, 1993).
This vertical uniformity is the consequence of vigorous
mixing, primarily by tidal currents which reach magni-
tudes of 70-80 cm s7! over the shoals (Fig. 3). Perhaps
only during December is the estimated critical depth
(O’Reilly et al., 1987) below the seafloor in the shallow
water on the Bank.

Nantucket Shoals—Even though sampling in this sub-
area is suboptimal, the annual phytoplankton cycle re-
sembles that of the northern and central shoals. Simi-
larities include the magnitude and timing of WS-bloom
and fall bloom, the occurrence of annual minima in
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January and August, and the size composition of the
phytoplankton throughout the year.

Western and Eastern Outer Shoals—The annual chlo-
rophyll a cycle in the western and eastern outer shoals
(Fig. 8) has many features in common with the north-
ern and central shoals: Winter-spring bloom peaks in
March, there is a modest fall bloom in September, and
there are annual chlorophyll 2 minima in January and
August. Chlorophyll ¢ and percent netplankton are
also vertically uniform but biomass profile is more vari-
able, and well-defined SSM do not persist during sum-
mer. The major difference is that biomass is generally
lower in the western and eastern outer shoals than in
the northern and central shoals (also see Table 3).

Following WS-bloom, netplankton persist in the east-
ern outer shoals in April but are replaced by
nanoplankton (the usual successional pattern) in the
western outer shoals. There is also a trend of higher
chlorophyll a during December and January in the
western outer shoals.

Great South Channel—This subarea is slightly deeper
than the adjacent western outer shoals (Fig. 8). Follow-
ing the annual biomass minimum in January,
netplankton steadily accrue until the March—-April WS-
bloom. From May through September, netplankton are
replaced by nanoplankton in the upper column but
continue to prevail in the lower column, and weak SSM
are present in the seasonal thermocline. As in the west-
ern outer shoals, high chlorophyll « persists until June,
followed by a secondary annual biomass minimum dur-
ing July-August.

Fall bloom in September is modest, limited to the
upper column, and dominated by nanoplankton. From
October to January, netplankton become as abundant
as nanoplankton, chlorophyll a decreases near surface
but increases at the bottom of the column, and chloro-
phyll @ and percent netplankton profiles become in-
creasingly more verticaily uniform, as expected with
increasing wind mixing.

Northeast Peak—Chlorophyll « and netplankton
steadily increase from January to WS-bloom climax dur-
ing March. Sharp vertical gradients in size composition
appear during May, and perhaps June—July, but not the
remainder of the year. Nanoplankton are responsible
for a greater share of biomass during summer here
than in the shallower areas of Georges Bank.

Southern Flank—Perhaps the most interesting fea-
ture in the biomass cycle in the southern flank is the
relatively weak netplankton dominance and low biom-
ass achieved during WS-bloom. The bloom is not easily
discerned; based on phytoplankton size composition,
the peak may be in March, but biomass levels are higher
in April (upper 15 m) and even higher in May when
nanoplankton species prevail. This pattern contrasts
sharply with the intense, distinct WS-bloom in the com-

parably deep southern outer Middle Atlantic Bight shelf
(cf. Figs. 23 and 24).

A weak SSM is present in the thermocline and rela-
tively steep vertical gradients in the size composition of
the phytoplankton occur from May throughout Sep-
tember, but not during the remainder of the year when
the water column is not well-stratified. The October fall
bloom occurs one month later than the bloom in other
areas of Georges Bank and is not dominated by
nanoplankton. There is a trend of increasing vertical
homogeneity in chlorophyll e and percent netplankton
profiles from October to January, presumably the con-
sequence of increased wind mixing of the column dur-
ing winter. This is also evident in individual synoptic
cross-bank sections (Append. B).

Northern Slope—The overall annual cycle is similar
to the cycle in the southern slope, except WS-bloom in
the northern slope is much weaker, appears later (in
April), and is comprised of nanoplankton (cf. Figs. 23 and
24). Low chlorophyll a (<0.5 ug I'!), typically observed in
stratified surface waters, appears during May in the south-
ern slope but not until July in the northern slope.

Nanoplankton dominate the community throughout
the water column during all months. During summer,
netplankton do not increase toward the bottom of the
column in the northern slope as they do in the adjacent
southern flank of Georges Bank. This is a major differ-
ence between these two areas, and matches the floristic
transition from the southern outer Middle Atlantic Bight
shelf to the adjacent southern slope.

Gulf of Maine

Western Gulf of Maine—The annual minimum sur-
face chlorophyll a occurs during January. Netplankton
become strongly dominant as chlorophyll a doubles to
2 pg I"! during February, and persist at this level through
March (Fig. 25). The February—-March bloom is weak
relative to WS-blooms in the Middle Atlantic Bight and
the shallow area on Georges Bank. Like most other WS-
blooms in the study area, it is strongly dominated (80%)
by species in the netplankton, presumably diatoms.

During April, a second, more intense nanoplankton-
dominated WS-bloom appears. Tentatively, we suggest
that this is a second WS-bloom because its size composi-
tion, and presumably species composition, is very differ-
ent from the February-March bloom. (The composite
profile for April is based on few observations so it must be
considered with caution.) Biomass is greatest 25-35 m
below surface. The size composition of the community is
vertically uniform, without indication that netplankton
from the preceding bloom are accumulating in the lower
column, as is the case in midshelf Middle Atlantic Bight.

Biomass again increases in the upper column during
June, but there are no obvious changes in phytoplank-
ton size composition. Subsurface chlorophyll maxima
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(~2 pug I'!) emerge 15-20 m below surface from June
through September. Biomass in the SSM is similar to
the high levels in the thermocline community in cen-
tral Middle Atlantic Bight. Note that vertical gradients
in size composition during summer are weak when
contrasted with stratified areas of Georges Bank and
the Middle Atlantic Bight. The bell-shaped profiles are
not as symmetrical as those for stratified waters in the
Middle Atlantic Bight and Georges Bank. In part this is
because chlorophyll a in the upper mixed layer during
summer is greater than that observed in stratified areas
of the Middle Atlantic Bight and Georges Bank. Also,
biomass is quite low at the bottom of the column dur-
ing summer: at 50 m below surface, chlorophyll a is
roughly one-third the values observed at comparable
depths along the southern flank of Georges Bank and
outer shelf areas of the Middle Atlantic Bight.

The annual surface biomass maximum is during the
October fall bloom. The bloom is largely confined to
the upper 25 m and represents a fivefold biomass in-
crease above September levels. This peak is strongly
dominated by the nanoplankton and surpasses fall
blooms in all other subareas except the nearshore
Middle Atlantic Bight and the shallow water on Georges
Bank (cf. Figs. 23, 24, and 25). Moreover, this annual
cycle differs greatly from those constructed for the Middle
Adantic Bight, Georges Bank, and slope areas, in which
fall bloom is clearly subordinate to the WS-bloom.

Northern Gulf of Maine—Annual minima surface
chlorophyll @ occur in January and March, just before
and after the weak WS-bloom in February (Fig. 25).
Netplankton are exceptionally low (<10%) during Janu-
ary. This is a characteristic feature of deep regions
within the study area, such as the entire Gulf of Maine
(except western gulf), northeast peak on Georges Bank,
and northern and southern slope subareas.

Biomass in the upper 30 m during May—June is high
relative to levels achieved during the WS-bloom, and
consists of equal proportions of netplankton and
nanoplankton. Moderate vertical gradients in size com-
position are established from June through September
and netplankton are relatively more abundant during
summer here than in the western gulf. As in the western
gulf, a fall bloom which exceeds the WS-bloom is evi-
dent in surface water during October.

Wilkinson Basin—During February, biomass increases
above the annual minimum in January and netplankton
begin to prevail, but maximum biomass is not reached
until April (Fig. 25). This slowly developing WS-bloom
surpasses those in other areas of the Gulf of Maine. The
bloom is over by April as indicated in the nanoplankton
dominance in the upper layer. An SSM is present in the
general vicinity of the seasonal thermocline from June-
September. Biomass in the SSM is generally less than in
the western gulf.

Georges Basin—The essential features of the annual
phytoplankton cycle are similar to those of Wilkinson
Basin. The biggest difference involves the progression
and makeup of the WS-bloom(s). From February
through March, netplankton dominance and biomass
increase. But biomass does not peak until April, when
the community shifts to nanoplankton. Our tentative
interpretation is that the March and April peaks repre-
sent two distinct but modest WS-blooms comprised of
different species of phytoplankton. Perhaps what is lack-
ing in the annual progression is the usual precipitous
decline in biomass that punctuates the conclusion of
the WS-bloom and the start of nanoplankton preva-
lence as seasonal stratification intensifies.

Biomass doubles in surface water in September and
nanoplankton achieve maximal dominance. Fall bloom
starts one month earlier here than in the Wilkinson
Basin, perhaps resulting from lower water column sta-
bility (see below) and earlier destratification. Only dur-
ing April do netplankton achieve weak dominance over
nanoplankton; the rest of the year nanoplankton
strongly dominate.

Jordan Basin—It appears that a netplankton WS-
bloom does not occur in the Jordan Basin until April and
it is weak relative to WS-blooms in Wilkinson and Georges
Basin. Biomass during April barely exceeds 1 ug 1"!. This
conclusion must be tentative since sampling frequency
in March and April was poor.

A nanoplankton increase in the upper layer appears
in May and is sustained through June, as is the case in
the Wilkinson and Georges Basins and northern gulf
subarea. The steepest vertical gradients in size composi-
tion in the Gulf of Maine appear over Jordan Basin
during May, June, and July. Fall bloom appears during
October; netplankton play a larger role in the bloom
than in any other subareas in the gulf where the fall
bloom is strongly dominated by nanoplankton.

Scotian Shelf —Surface concentrations decline from
October to January, the annual minimum. Except for
the vertically uniform chlorophyll a profile during Janu-
ary and February, most of the chlorophyll a decreases
with increasing depth. Subsurface chlorophyll @ maxima
are weak and very near surface from May through Sep-
tember. The relatively high chlorophyll @ and percent
netplankton during April, and the abrupt shift to
nanoplankton in May, suggest that the WS-bloom may
peak during April. This conclusion is tentative since
data are lacking for March.

There is a suggestion of a trend of increasing percent
netplankton from May through June, followed by a
return to strong dominance by nanoplankton in Au-
gust. This pattern is not evident in other areas of the
Gulf of Maine. The contribution by netplankton to
annual standing phytoplankton stocks is generally
greater in the Scotian Shelf and other northerly subar-
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eas of the Gulf of Maine (Jordan Basin and northern
gulf), than in southerly gulf areas.

Winter-Spring Bloom

Sverdrup (1955) introduced the concept of critical
depth to explain increases in phytoplankton biomass
such as spring bloom. The critical depth is the depth in
the water column at which phytoplankton respiration,
vertically integrated from surface, equals integrated
photosynthesis. The upper mixed layer must be less
than critical depth for a net increase in phytoplankton
biomass to occur, assuming nutrients are not limiting
growth, and grazing and other biomass losses are held
constant. Riley (1957) expanded on this and reported a
mean radiation of about 0.03 g-cal cm=2 min~! or about
40 1y d-! was critical to the onset of flowering. In sup-
port, Riley (1957) cited the occurrence of increases in
phytoplankton biomass between December and March
in Cape Cod Bay (Bigelow, 1926), Long Island Sound
(Riley, 1956), coastal waters of Woods Hole (Lillick,
1937), Block Island Sound (Riley, 1952), and Georges
Bank (Riley, 1941). More recent observations by
Townsend and Spinrad (1986) of the WS-bloom in the
Gulf of Maine support Riley’s work. Surveys of nearshore
shallow water over the past several decades have also
revealed that the bloom may commence and even culmi-
nate during winter, as early as January or December
(Hitchcock and Smayda, 1977). Therefore, “winter-spring
bloom” seems a more accurate label than “spring bloom”
for this pulse in the annual cycle.

Thus, a strong pulse of phytoplankton growth and
increase in biomass occurs during late winter-early spring
following increases in incident solar radiation, water
temperature and stratification, and reductions in wind
velocity and turbulence (Riley, 1957; Yentsch, 1977;
Eslinger and lIverson, 1986; Mann, 1993). In shallow
water, suitable conditions for the bloom may be met
through seasonal increase in incident solar radiation
and concomitant increase in mean radiation in the
mixed column. In deeper waters, bloom conditions are
met through a combination of increased solar radia-
tion and shoaling of the upper mixed layer that occurs
with increased stability within the water column. This
stability can be accomplished in several ways: by fresh
water forming a low salinity surface layer, such as in
coastal areas where there is river runoff; by vernal heat-
ing of the upper water column and formation of the
pycnocline; and by “doming,” whereby water from be-
low pushes the mixed layer higher into the water col-
umn. Combining with the above is the winter to sum-
mer reduction in the average number of wind events
that mix the water column (Walsh et. al., 1978; Eslinger
and Iverson, 1986).

In a broad temporal sense the above classical picture
of WS-bloom is correct. However, recent intensive stud-
ies by Falkowski (1991) and others suggest that the WS-
bloom paradigm needs reexamination. They found that
the WS-bloom does not continuously build, but instead
develops as a series of short (3-5 day) pulses of phy-
toplankton increases. Therefore, our characterizations of
WS-bloom based on composited data (multi-year means)
at a monthly temporal resolution do not represent well
the actual dynamics which proceed at short time scales.

On the northeast U.S. shelf, there are differences
among and within regions in the timing, magnitude,
duration, and size composition of the WS-bloom. In
Table 3 we summarize these differences based on Figs.
23-25 by highlighting (underlining) the WS-bloom pe-
riod when netplankton biomass increases, and defining
peaks (bold entries) for each of the subareas. Winter-
spring bloom is prolonged, from January through
March, in nearshore, midshelf, and northern outer
shelf areas of the Middle Atlantic Bight. The peak oc-
curs earlier in shallow water in the nearshore and
midshelf areas, as might be expected based on the
critical depth concept. In fact, in the nearshore shallow
column, biomass is elevated during November and De-
cember, such that additional biomass increases of the
WS-bloom seem less dramatic when compared with
deeper areas of the shelf. This contrasts with the rela-
tively rapid change in mean photic light levels resulting
from spring stratification in the outer shelf and slope
regions of the Middle Adantic Bight (where a distinct
pulse is evident in surface waters during spring and fall).

A relatively prolonged WS-bloom also occurs in Great
South Channel, Wilkinson Basin, and the Scotian Shelf,
with peaks achieved in April. In contrast, more distinct
WS-bloom occurs during March in the deep water over
the southern slope, April in the northern slope, and
March in the northern Gulf of Maine. WS-blooms in
subareas of Georges Bank and the Gulf of Maine start
later and are generally not as prolonged as those in the
Middle Atlantic Bight. Some areas of the shelf appear
to have very weak (or ill-defined in our data set) WS-
blooms (e.g. southern flank of Georges Bank).

The end of the WS-bloom is most easily discerned by
rapid decreases in biomass and a shift to nanoplankton
in the upper layer. In some areas (Western Gulf of
Maine, Georges Basin, Jordan Basin), the shift to nano-
plankton occurs but biomass persists at high levels,
leading to the question: Are there two distinct WS-
blooms in these areas?

The Fate of WS-bloom

In addition to differences among subareas with respect
to the course and magnitude of WS-bloom, there are
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also differences among areas following the bloom which
have potentially significant consequences to shelf eco-
system trophodynamics. The composite vertical pro-
files (Figs. 23-25) provide insight into regional differ-
ences in the amount and vertical distribution of phy-
toplankton biomass following WS-bloom, and suggest
differences in the fate of the WS-bloom. The inverted
profiles provide insight into the near-term fate of the
WS-bloom. They are ecasily identified in March and
April profiles for the midshelf Middle Atlantic Bight
and perhaps in the central nearshore bight, but are not
obvious in mean portrayals for Georges Bank and the
Gulf of Maine (Figs. 23-25). The most remarkable in-
verted profile occurs in the northern midshelf Middle
Adlantic Bight in April, and marks the conclusion of the
WS-bloom. Here, surface concentrations average ~1 ug !
and bottom concentrations average 4 ug I"! (Fig. 23).
Accumulations of phytoplankton biomass near bot-
tom during March and April 1984 have been reported
by Falkowski et al. (1988) and Falkowski (1991), with
the largest buildup in the midshelf Middle Atlantic
Bight. They observed highest chlorophyll a accumula-
tions (10-25 ug I'") in April in the Middle Atlantic
Bight midshelf between the 30-60 m isobath. The mean
values we report are less than this, but values exceeding
10 pug I"! were observed during several surveys (Append.
B). These inverted profiles are not an artifact of
compositing very diverse vertical distributions, since
the preponderance of phytoplankton biomass in near
bottom water at this time is seen midshelf in most of the
vertical cross-sections along transects A, B, and C (Ap-
pend. B). These inverted chlorophyll a profiles, plus
the progressive relative increase in netplankton (pre-
sumably diatoms) with depth, indicate the near-term
fate of the WSbloom in these waters: sinking and accu-
mulating in the lower water column and on the seafloor.
Evidence is mounting that much of the WS-bloom is
not assimilated in the water column by zooplankton but
instead sinks to the lower column (e.g. Lignell et al.,
1993) where its subsequent fate (1-4 months) is uncer-
tain. [t may be advected off the shelf to the continental
slope (Walsh, 1981; Dagg and Turner, 1982), consumed
by the benthic community (Townsend and Cammen,
1988), or be remineralized on the shelf (Rowe et al.,
1986; Falkowski et al., 1988). Malone et al. (1983b)
indicate that between wind events, the netplankton
diatom blooms sink and accumulate near bottom but
that 90% of the biomass produced during the diatom
bloom period is exported to the continental slope.
Falkowski et al. (1988) and Falkowski (1991) estimate
that 51% of the 1984 spring bloom off the coast of Long
Island sank, forming a near-bottom nepheloid layer
which was subsequently oxidized. Falkowski et al. (1988)
further reported that along-shelf transport of particles
in the Middle Atlantic Bight dominates cross-shelf trans-

port during spring and that 50-60% of the along-shelf
transport leaves the shelf at Cape Hatteras.

Our composite profiles suggest yet an additional fate
for a portion of the WS-bloom phytoplankton. Follow-
ing WS-bloom, sharp vertical gradients in size composi-
tion become established in shelf areas undergoing sea-
sonal density stratification. Nanoplankton prevail in
the upper column and netplankton in the lower. For
example, in the central midshelf Middle Atlantic Bight,
biomass in the Jower column steadily declines following
the WS-bloom through July, yet netplankton continue
to prevail over nanoplankton in the lower column. This
leaves open the possibility that residual WS-bloom spe-
cies may be influencing the floristic composition of
phytoplankton below the thermocline during the ensu-
ing summer months, and acting as a seed stock for the
fall bloom. Alternatively, the netplankton in the lower
column may be comprised of dinoflagellates. Evalua-
tion of this hypothesis will require vertically detailed
examinations of the successional patterns of phytoplank-
ton species from spring through summer. To our knowl-
edge, such examinations are lacking.

Despite the manifold trajectories available to WS-
blooms on continental shelves, evidence is accumulat-
ing that a large portion of the WS-bloom is not grazed
by pelagic herbivores but sinks to the bottom of the
water column, where it is more likely to enter demersal
fishery food webs than pelagic webs. Townsend and
Cammen (1988) suggest that benthic production may
be enhanced in years with early WS-blooms. In their
paradigm, early blooms would persist longer because
the relatively cold water present earlier in the annual
cycle would retard zooplankton development, growth,
and grazing pressure. Conversely, WS-blooms arriving
late would be expected to enhance zooplankton pro-
duction and survival of pelagic fish larvae. They suggest
further that variations in the onset and duration of WS-
bloom are potentially relevant to understanding vari-
ability in recruitment success for some coastal fisheries.

Sampling frequency during our study is insufficient
to resolve conclusively interannual variability. However,
the concept may be useful in understanding the poten-
tial ecological significance of the systematic differences
in mean conditions among regions of the continental
shelf during and following WS-bloom. For instance,
greatest near bottom accumulations of biomass occur
during the final stage of prolonged and intense WS-
bloom in the midshelf Middle Atlantic Bight. In the
portrayals of mean vertical distribution of chlorophyll
a, inverted profiles characterize the vertical distribu-
tion of phytoplankton, where chlorophyll a increases
from surface to bottom and netplankton are dispropor-
tionately more abundant near bottom. The prolonged
WS-bloom, characteristic of this area, may explain why
these near bottom accumulations are observed here
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but not in the Gulf of Maine or on Georges Bank. It
seems reasonable to speculate that the benthic commu-
nity here would benefit more from this pulse than
benthos in deep waters of the Gulf of Maine, where
netplankton do not appear (on average) to accumulate
in the lower column we sampled following WS-bloom.
However, since our sampling was limited to the upper
100 m, this conclusion must be tentative for the deep
basins in the Gulf of Maine.

Our composite profiles indicate the disappearance
in May of the high levels of netplankton chlorophyll
observed near bottom during the preceding two months.
We suggest that a potentially significant fraction of the
spring diatom bloom remains on the shelf in the cold
band, influencing the floristic composition of phy-
toplankton in and below the thermocline during the
ensuing summer months. The biomass and percent
netplankton profiles in May and June suggest that a
fraction of the netplankton WS-bloom persists near
bottom. To examine this hypothesis, a detailed knowl-
edge is needed of phytoplankton species successional
patterns near bottom following the WS-bloom and into
summer.

Stratified Season: Subsurface Chlorophyll Maxima

A pronounced subsurface chlorophyll maximum
emerges 20-35 m below surface from May through
September in those regions of the continental shelf
which undergo and sustain vertical density stratifica-
tion (Figs. 23-25). Thus, the vertical chlorophyll pro-
file takes a characteristic bell-shape; mean chlorophyll
aincreases from surface to 20-35 m below surface, then
decreases progressively toward bottom. The position of
the SSM layer during the stratified season is generally
coincident with the mean depth of the thermocline
and tends to track the thermocline’s seasonal and on-
shore-offshore deepening.

Phytoplankton biomass in the SSM layer may be sub-
stantial, between 50-70% of the levels attained during
the WS-bloom. Consequently, the amplitude of the sea-
sonal fluctuation in biomass is greatly reduced by these
subsurface maxima. For instance, in the southern outer
shelf Middle Atlantic Bight, mean surface chlorophyll a
during July (~0.3 ug 1-1) is approximately one-tenth
the March value (~3 pg 1-1), whereas 30 m below sur-
face, in the SSM layer, chlorophyll a (1.8 ug 1"!) is more
than one-half the WS-bloom chlorophyll & maximum
(Fig. 23).

Typically, strong vertical gradients in phytoplankton
size composition also begin to appear in April-May and
persist through the stratified season. These gradients
represent a large change from relatively vertically uni-
form profiles of percent netplankton in March, to pro-

files which show nanoplankton dominance in the up-
per layer and increasing netplankton contribution with
depth (Figs. 23-25).

Based on extensive hydrographic surveys of shelf wa-
ter from Cape Sable to Long Island, from 1964-66,
Colton (1972) reported that whenever marked vertical
density gradients were present: “chlorophyll was con-
centrated within the thermocline, the maximum depth
limit of which seldom exceeded 40 m.” Moreover, a
series of 2-hour profiles made in June 1966 over a 42-
hour period off Cape Cod (41.5°N, 69°W; 100 m) re-
vealed a pronounced SSM layer at an average depth of
30 m (Colton, 1972). In the outer Middle Atlantic Bight
during June—July 1979, vertical sections portrayed by
Cosper and Stepien (1984) show an SSM layer at 20-40
m. In deeper slope water seaward of the 200 m isobath
in the Middle Atlantic Bight (67 profiles), the median
depth of SSM during June-September is ~40 m below
surface, and 75 m in northern Sargasso Sea water (Cox
etal., 1981).

The SSM is generally in the lower half (10-1% of
surface light) of the euphotic zone. Though light is
suboptimal, the SSM has relatively greater access to
higher concentrations of inorganic nitrogen present in
and below the thermocline during summer; whereas
phytoplankton in the upper euphotic layer depend
more upon nutrients made available through het-
erotrophic recycling. Thus, with ample light and nutri-
ents for growth, the SSM layer contributes significantly
to the overall primary productivity of the water column.
In the deeper waters on Georges Bank which stratify
during summer, the SSM layer is responsible for 37% of
the daily integral primary production (O'Reilly et al.,
1987). Similarly, 37% of primary productivity takes place
below the seasonal pycnocline in the New York Bight
shelf (Malone et al., 1983b). Holligan (1978) estimated
phytoplankton in the thermocline in the western En-
glish Channel were responsible for 30-80% of daily
summer production and may contribute as much as the
WS-bloom to annual primary production. In stratified
waters surrounding the Dogger Bank in the North Sea,
the SSM layer was responsible for up to 70% of the
integral primary production in May 1990 (Nielsen et
al., 1993). In the southern Kattegat, the SSM layer is
responsible for 30% of the annual primary production,
whereas the spring bloom is responsible for only 19%
(Richardson and Christoffersen, 1991).

A number of investigators have reported associations
(juxtapositions) between the depth of the SSM layer,
the thermocline, and nitroclines (Anderson, 1964;
Herbland and Voiturez, 1979; Cox et al., 1981; Cullen
and Eppley, 1981; Kiefer and Kremer, 1981; Cullen et
al., 1982; Holligan et al., 1984; Townsend et al., 1984;
Nielsen et al., 1993). Cullen (1982) reviewed a number
of processes potentially responsible for the persistence
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of the SSM layer. These include sinking; physiological
changes (decreases in the sinking rate from increased
phytoplankton buoyancy, in response to increased nu-
trient concentrations and decreased photosynthetically
active radiation (PAR) at the thermocline); behavioral
aggregation at the thermocline by motile phytoplank-
ton; greater stability; residence times which are much
greater than phytoplankton generation time in the ther-
mocline relative to waters above and below; and depth-
differential grazing.

Our purpose here is not to choose among these
mechanisms but to underscore the trophodynamic sig-
nificance of this layer. The SSM is ubiquitous, persists
throughout the stratified season, is a productive layer,
and therefore represents a concentrated and renew-
able source of organic matter for herbivores.

Relatively little is known about the species composi-
tion of the SSM in the study area. The magnitude,
species composition, and temporal variability of the
SSM have been shown to be key determinants in the
success of the northern anchovy on the west coast of the
United States. The dinoflagellate Gymnodinium splendens
is a nutritionally important food source for first-feeding
northern anchovy larvae, and the success of the year
class may be partly dependent upon the availability of
this organism or other nutritionally comparable di-
noflagellates (Lasker, 1975, 1978, 1981).

Seasonal Changes in Subsurface Maxima

To better understand temporal changes in SSM, and its
relationship to surface chlorophyll concentrations, the
SSR is computed for each vertical profile and portrayed
for each subarea (Fig. 26). Subsurface/surface chloro-
phyll ratios of 1 indicate that the maximum chlorophyll
concentration is at the surface; a value of 2 means that
chlorophyll a concentration at some depth below surface
is twice the concentration observed in surface water,

The monthly geometric mean (meang) SSR is less
than 2 from October through March in nearly all 26
subareas (Fig. 26). These low SSR’s indicate that verti-
cal variation in phytoplankton biomass is relatively low
during the period of minimal vertical density stratifica-
tion in the upper 40 m (Fig. 27). In the nearshore
Middle Adantic Bight, mean, SSR drops below 2 in
September when destratification may begin during some
years (Fig. 26). One month later during destratification
in October, mean SSR drops below 2 throughout most
of the study area (Fig. 26). SSR’s below 2 correspond to
density differences between 40 m and surface which are
less than 1 sigma-t unit (cf. Figs. 26 and 27).

Subsurface/surface ratios increase markedly during
the stratified season. Peaks in the monthly mean, SSR
occur from June through September (Fig. 26). These

high SSR’s result mostly from bell-shaped profiles where
the maximum chlorophyll @ is in the seasonal ther-
mocline at ~20-35 m. In the Middle Atlantic Bight,
individual SSR’s above 16 are present in all subareas
except those near estuaries; on Georges Bank, values
exceed 16 only along the southern flank and adjacent
northern slope; and in the Gulf of Maine, values above
16 are found only in Wilkinson Basin, and western and
northern subareas. Subsurface/surface ratios above 32
are present only in the Middle Atlantic Bight and mean
adjacent southern slope.

Highest SSR’s usually occur in the Middle Atlantic
Bight central midshelf. The meang SSR during July is
~10. Note that the relatively high mean, SSR during
April in this area is due to near-bottom, not midwater,
chlorophyll maxima (Fig. 23). Lowest SSR’s occur in
the weakly stratified water on Georges Bank (central
shoals, northern shoals, western outer shoals, eastern
outer shoals), Nantucket Shoals, and Scotian Shelf.
Individual SSR’s exceeding 2 are present in these areas
but the monthly mean, SSR persists at very low values
from May through September.

In the deeper water on Georges Bank which stratify
during summer (Fig. 27), SSR’s exceeding 2 are com-
mon but SSR’s above 8 are rare. In the Gulf of Maine,
the monthly mean, SSR does not surpass 2 until June,
two months later than in the outer shelf Middle Atlan-
tic Bight, although a number of individual values above
2 occur in May.

g

Spatial Distribution of Subsurface /Surface Ratio

Some striking spatial patterns are evident in the
shelfwide distribution of SSR during summer (Fig. 28).
This is the period of greatest density stratification (Fig.
27), when vertical profiles of phytoplankton chloro-
phyll e are generally bell-shaped in stratified water (e.g.
Fig. 23).

Relatively low SSR’s are present off the mouths of the
Raritan, Delaware, and Chesapeake bays, over the shal-
low region on Georges Bank, and in the eastern Gulf of
Maine (Fig. 28). In the Gulf of Maine, summer SSR is
aligned in east to west bands. Values between 2-2.8
characterize the western region of the gulf while values
below 2 characterize the eastern region. In between, a
band of moderately high SSR’s stretches northward,
from Wilkinson Basin to the area nearshore, between
Casco Bay and Penobscot Bay (Fig. 28). In the Wilkinson
Basin (Fig. 5: tiles 106, 107) SSR’s are 2.8-4. In the
nearshore northern Gulf of Maine (Fig. 5: tile 104),
SSR’s are 5.6-8 and match well the observations by
Holligan et al. (1984) of SSM (~3 ug I"!) 1020 m below
surface and SSR of ~ 6 during June 1979 surveys across
the 100 m isobath. The chlorophyll a and phytoplank-
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Figure 26
Ratio of the subsurface/surface chlorophyll a versus month for 26 subareas of the northeast U.S. continental shelf. Individual

observations are represented as open circles. The solid line connects monthly geometric mean ratios.
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Figure 27
Stability (Sigma-f 40 m-0 m) versus month for 26 subareas of the northeast U.S. continental shelf. Individual observations are

represented as open circles. The solid line connects monthly means.
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ton biomass maxima were present at the base of the
seasonal thermocline, at the top of the nitracline, and
in the lower euphotic layer at between 1% and 5% of
surface light intensity (Holligan etal., 1984).

A general onshore-offshore or bathymetric gradient
in mean_ SSR is evident in the Middle Atlantic Bight
and on éeorges Bank (Fig. 28). A gradient is also evi-
dent proceeding south along the outer continental shelf:

Subsurface/surface Chl a
June-August

1977-1988

Number of profiles

June-August

1977-1988

Coefficient of variation ﬂ a /

June-August

1977-1988

Figure 28
Contoured distribution of the ratio of subsurface/surface chlorophyll concentration, coefficient of variation percentage in the
ratio of subsurface/surface chlorophyll concentration, and number of vertical profiles, during the period June-August.
Subsurface/surface ratios were Jog,-transformed and composited by tile before contouring. The coefficient of variation was

based on logQ-transformed ratios.
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SSR is 2-2.8 at the southeast flank of Georges Bank;
2.8-4 near Great South Channel; 4-5.6 near the Hudson
Shelf Valley; and 5.6-8 offshore of Delaware Bay.

Variability in mean_ SSR is lowest in tiles with highest
SSR’s and greatest in tiles which, on average, have little
vertical structure in chlorophyll concentration (Fig. 29A).
This follows the pattern expected: low temporal persis-
tence of vertical structure in areas with weak or inter-
mittent density stratification and high persistence where
density stratification is high and continuous during
summer. Variance in the composite summer mean,
SSR’s includes inter- and intra-annual sources, so high
CV’s may mean ecither or both sources are responsible,
while low CV’s indicate both sources of variation are
small. Subsurface/surface ratios also tend to increase
with increasing depth below surface (Fig. 29B), follow-
ing the general onshore-offshore tilt (deepening) of
the seasonal thermocline with increasing water column
depth. Chlorophyll ain the SSM and near surface lay-
ers begin to converge (vertical uniformity) at surface chlo-
rophyll a concentrations greater than 1 ug/1 (Fig. 29C).

There is a distinct band within the Middle Atlantic
Bight with elevated SSR’s (8-16), roughly between the
30 and 60 m isobaths offshore of Chesapeake Bay,
Delaware Bay, and the southern half of New Jersey (Fig.
5: tiles 50, 44, 40, 31, 32, 27, 24, 20, 14, 45, 39, 33, 19).
This is a relatively stable feature during the stratified
season as the CV’s in SSR’s are low (Fig. 28). This
midshelf band coincides with the location of cold win-
ter residual water known as the “cold pool” (Ketchum
and Corwin, 1964) or “cold band” (Houghton et al,,
1982). The cold band is approximately bounded be-
tween the 30 and 100 m isobaths in the Middle Atlantic
Bight (Ketchum and Corwin, 1964; Bowman and
Wunderlich, 1977), and extends uninterrupted onto
Georges Bank at 65-96 m where it is further offshore
than in the bight (Flagg, 1987; Bisagni, 1992).

Overall, the shelfwide pattern in mean summer SSR
is similar to the shelfwide pattern in upper water col-
umn stability (cf. Figs. 28 and 30), where stability is
indexed (stability,;) as the difference between density
(sigma-£) at 40 m and surface. The greatest SSR’s occur
where density stratification is greatest, in the Middle
Atlantic Bight midshelf. The Middle Atlantic Bight is
among the most stratified coastal regions in the world;
density gradients across the summer pycnocline are
0.3-0.4 sigma-t units m™! (Falkowski et al., 1983). This is
reflected in the distribution of the stability,, (Fig. 30).
The thermal contrast between the cold band below the
seasonal thermocline and the warmest brackish surface
water, found in the southern half of the Middle Atlantic
Bight (Mountain and Manning, 1994), endows this area
with the highest vertical density stratification.

Conversely, lowest summer SSR’s are found where
stability is lowest (cf. Figs. 28 and 30)—shallow areas on
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(A) Relationship between coefficient of variability and
ratio of subsurface/surface chlorophyll concentration.
(B) Depth of maximum chlorophyll versus subsurface/
surface chlorophyll concentration. (C) Log, (surface
chlorophyll a) versus log, (subsurface chlorophyll a).
(N=number of observations, r=correlation coefficient,
s=functional slope, i=functional intercept.)
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Georges Bank, Nantucket Shoals, Browns Bank, and
eastern Gulf of Maine. The low stability in these areas is
the consequence of vigorous tidal currents (Fig. 3)
interacting with shallow topography (Fig. 2) to verti-
cally mix the water column and dissipate density stratifi-
cation. Despite the spatial coarseness of our observa-

tions, there is good agreement between the distribu-
tion of mean_SSR’s below 2, s[ability40 below 1, and
maximum tidal surface currents exceeding ~50 cm s~!
(Fig. 3). These parameters roughly define the mixing
front separating well-mixed from surrounding strati-
fied water on Georges Bank. Strong currents and mix-

Sigma-f (40 m-0 m)
June-August

1977-1988

Number of profiles
June-August

1977-1988

Coefficient of variation
June-August
1977-1988

Figure 30
Contoured distribution of mean stability (Sigma-£40 m-0 m), coefficient of variation percentage of stability, and the number of
vertical profiles, during the period June-August. Data were composited by tile before contouring.
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ing on Georges Bank during summer are dominated by
the M2 tidal component. With mixing by summertime
wind included, Loder and Greenberg (1986) predict
that the position of the mixing front generally parallels
the 50 m isobath, except it is shoaler than 50 m along
the north and southern edges on Georges Bank and
deeper than 50 m along the northeast peak.

On a very coarse scale, the west-east banding of SSR’s
in the western gulf follows the general west-east band-
ing in stability (cf. Figs. 28 and 30). The pattern for
stability probably reflects the greater density differences
in the western gulf that result from warm stratified
surface water overlying a relatively thick lens of winter
residual Maine Intermediate Water (Brown and Irish,
1993). The relatively low SSR’s in the extreme western
Gulf of Maine are less than would be expected based on
stability, and point out the limitations of this simple
SSR index. The reason for this departure is that, unlike
other well-stratified waters in the study area, chloro-
phyll @ is high in the surface layer (Fig. 25). Low SSR’s

are also found in subareas influenced by plumes from
Hudson-Raritan, Delaware, and Chesapeake bays, where
stability is quite high (Fig. 31). Highest chlorophyll a is
not in the thermocline but in the nutrient-enriched
surface water entering the coastal zone (Fig. 23).

The SSR is a useful simple index of the degree of
vertical stratification of phytoplankton. This index, with
the above noted but understandable exceptions, paral-
lels indices of vertical density stratification. The impor-
tance of physical stability to the establishment of sub-
surface chlorophyll maxima during summer has been
known for some time (Pingree et al.,, 1976; Pingree,
1978). Thermoclines and pycnoclines generate sharp
biological gradients. These gradients structure the col-
umn into approximately three layers. Phytoplankton in
the upper mixed layer have optimal light, but nutrient
demands must be met largely through recycling pro-
cesses. Phytoplankton forming SSM in the thermocline
layer are exposed to suboptimal light and reduced tur-
bulence, and have relatively greater access to new nutri-

All Regions

Sigma-¢ (40 m - 0 m)

Figure 31
Relationship between the geometric mean ratio of subsurface/surface chlorophyll (SSR)
and stability (Sigma-t 40 m-0 m) during the period June-August. The line in each panel
represents the functional regression slope for all data except tiles adjacent to Middle
Atlantic Bight estuaries (labeled 184, 29, 55, 187, 12). (N=number of observations,
r=correlation coefficient, s=functional slope, i=functional intercept.)

_Gulf of_Maine
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ents present in the nitrocline. Below the thermocline
community, light intensity decreases to levels which
permit only very modest growth above respiratory de-
mands. The SSR may provide an index of the relative
importance of new versus recycled nutrients during
stratified conditions. It seems reasonable to infer that
the supply of new nitrogen to the upper mixed layer
would be minimal in areas with high SSR’s and maxi-
mal in areas with relatively lower SSR’s, providing that
the reservoir of nutrients below the pycnocline is ample.
Shallow water on Georges Bank would be an exception,
since nutrients are low through the water column dur-
ing summer (Draxler et al., 1985; O’Reilly et al., 1987;
Walsh et al., 1987; Bisagni, 1992) and new nitrogen
must come into the well-mixed region laterally across
the mixing front at approximately 50-60 m isobath.

Fall Bloom

During late summer and early fall in stratified water,
the shallow upper mixed layer begins to deepen due to
seasonal decreases in solar radiation and seasonal in-
creases in wind and convective mixing. The pycnocline
begins to erode and the euphotic layer gains access to
fresh supplies of nutrients previously trapped below.
The ensuing increase in phytoplankton biomass is
termed the “fall bloom.”

Conditions leading to fall bloom are quite different
from those leading to WS-bloom. The critical mixed
depth model, described above, helps to understand
these differences. During WS-bloom in deep water, the
mixed layer is shoaling, incident radiation is seasonally
increasing, and consequently the mean level of light
available to phytoplankton in the mixed layer is increas-
ing; during fall bloom the opposite trend occurs. Phy-
toplankton are exposed to decreasing mean light levels
in the mixed layer with seasonal decreases in solar
radiation compounded by the mixed layer becoming
deeper as destratification proceeds. Thus, the extent of
the fall bloom will depend upon the extent to which
nutrient enhancement of growth is offset by decreases
in light and by deepening of the mixed layer below the
critical depth (Yentsch, 1981).

It is these basic differences outlined above which
appear to explain why fall bloom is usually subordinate
in magnitude to WS-bloom. This is the general case for
the Middle Atlantic Bank, Georges Bank, and Wilkinson
and Georges basins, where chlorophyll a is roughly
one-half the WS-bloom values. Fall bloom in other sub-
areas of the Gulf of Maine, such as the Scotian Shelf,
Jordan Basin, and northern and western Gulf of Maine,
may surpass WS-bloom. Because sampling during spring
was not always adequate, this conclusion must be tenta-
tive. The significance of fall blooms in the Gulf of

Maine is underscored by the observation that chloro-
phyll @ near surface during October is greater in the
western gulf than in any other area of the shelf except
the southern nearshore Middle Atlantic Bight (cf. Figs.
23, 24, and 25).

Unlike the WS-bloom where chlorophyll a becomes
elevated throughout most of the water column, bio-
mass increases during fall bloom are largely restricted
to the upper ~20-30 m of the column. Fall bloom is
thus identified as a disappearance of bell-shaped verti-
cal biomass profiles characteristically seen during the
stratified season (Figs. 23-25). Moreover, because sur-
face chlorophyll a is low in stratified water prior to the
bloom, the relative biomass increase near surface dur-
ing the fall bloom is generally greater than during the
WS-bloom. Conversely, prior to WS-bloom, biomass near
bottom is generally quite low, but during and following
the WS-bloom peak, phytoplankton biomass reaches an-
nual maxima in the lower portion of the water column.

The emergence of fall bloom is temporally associated
with decreases in the stability,; below 1 sigma-t (Fig.
27). In the Gulf of Maine, fall bloom appears in Sep-
tember in weakly stratified eastern subareas which
destratify early (Jordan Basin, Georges Basin, Scotian
Shelf). Later, during October, it appears in the rela-
tively more stratified western portion (Wilkinson Basin,
western Gulf of Maine; see Fig. 27 and Mountain and
Manning, 1994). In the northern Gulf of Maine sub-
area, near surface biomass increases during September
but does not peak until October. In the Middle Atlantic
Bight, the fall bloom occurs during October, and per-
haps begins during September in the central nearshore,
as indicated by the disappearance of the summer bell-
shaped profile and the noisy composite profile for Sep-
tember (Fig. 23).

The fall bloom is not strongly dominated by
netplankton as is the WS-bloom, and there are differ-
ences among areas in the mean size composition of fall
blooms. In the Middle Atlantic Bight and Georges Bank,
and the northern Gulf of Maine and Jordan Basin,
netplankton and nanoplankton are approximately
equal; throughout the rest of the gulf and the northern
and southern slope areas, nanoplankton tend to domi-
nate fall bloom.

Moderate increases in biomass are evident in Sep-
tember (Fig. 24) in tidally-mixed unstratified areas of
Georges Bank, where stability,, is usually less than 1
sigma-t unit throughout summer (Fig. 27). If these
pulses signify fall bloom and are responses to nutrient
enrichment, then the critical mixed depth-stratifica-
tion model does not directly apply. Nutrients in the
well-mixed water are uniformly low during summer but
abundant below seasonal pycnoclines in the surround-
ing water (Draxler et al., 1985; O’Reilly et al., 1987).
The new nutrients presumed needed for these biomass
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increases might be derived by advection and subse-
quent tidal mixing of nutrient-enriched surface water
from surrounding water undergoing destratification.
Alternatively, the additional nutrients, if required, could
potentially be supplied from enhanced nutrient recy-
cling which would be expected to peak during Septem-
ber when temperature of the well-mixed water (Bisagni
and Sano, 1993) reaches its annual peak. Other hypoth-
eses meriting examination concern whether the sharp
drop in zooplankton biomass (Sherman et al,, 1987)
and abundance of herbivorous copepods (Davis, 1987;
Meise and O'Reilly, 1996) represent a relaxation in
grazing pressure during fall and early winter. We also
note that the photosynthetic efficiency of phytoplank-
ton is highest not during summer solstice, when photo-
synthetically active radiation is highest, but during fall
(O’Reilly et al., 1987). This may be due to the species
composition or to environmental factors.

Summary

The broad scale features in the horizontal, vertical, and
seasonal distribution of chlorophyll a on the northeast
U.S. continental shelf are described based on 57,088
measurements made during 78 oceanographic surveys
from 1977 through 1988. The mean  for all observa-
tions is 0.84 ug/l. The distribution of chlorophyll g,
considered here as an index of autotrophic phytoplank-
ton biomass, is strongly influenced by 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
a large fraction of the variability in chlorophyll a. Verti-
cal density stratification ranges widely; areas of the
Middle Atlantic Bight are among the most stratified in
the world and the shallow water on Georges Bank (where
vigorous tidal mixing occurs) is essentially vertically
homogeneous yearround. The wide range in measured
chlorophyll a (<0.01-57.8 pg I"!) reflects wide seasonal
and regional variations in hydrographic conditions
throughout this ecosystem.

Highest mean Chl is usually observed in nearshore
areas adjacent to the mouths of the Hudson-Raritan,
Delaware, and Chesapeake estuaries, over the shallow
water on Georges Bank, and in a small area along the
southeast edge of Nantucket Shoals. Occasionally, high
Chl_ concentrations are found in Middle Atlantic Bight
coastal waters not in close proximity to estuaries, and
may reflect upwelling episodes. Lowest Chl  (<0.125 ug
I!) is usually restricted to the most seaward stations
sampled along the shelf-break and the central deep
waters in the Gulf of Maine. When relatively high Chl
occurs in the Gulf of Maine, it is in the nearshore
western portion, between Penobscot and Casco bays.

The annual cycle of phytoplankton biomass follows
the paradigm for temperate continental shelf ecosys-
tems. There is at least a twofold seasonal variation in all
areas. The highest phytoplankton concentrations (m3)
and highest integrated standing stocks (m?) occur dur-
ing the WS-bloom; the lowest occur during summer,
when vertical density stratification is maximal. In most
regions, a secondary phytoplankton biomass pulse is
evident during convective destratification in fall, usu-
ally in October.

The timing, duration, and intensity of WS-bloom vary
by region. In the Middle Atlantic Bight the WS-bloom
progresses from nearshore to the slope, occurring dur-
ing January—March in the nearshore and midshelf re-
gions, and March in outer shelf and adjacent southern
slope water. On Georges Bank, WS-bloom peaks during
March, except in the Great South Channel along the
southern flank and in the northern slope waters, where
the peak is reached during April. Winter-spring bloom
appears during February—March in the nearshore west-
ern gulf and during April throughout the gulf’s deeper
waters. Greatest concentrations of biomass near surface
appear in the Wilkinson Basin during April.

In shallow nearshore Middle Atlantic Bight, fall bloom
appears during September—October. In the midshelf
and outer shelf regions and along the Middle Atlantic
Bight shelf-break, fall bloom occurs one month later in
October and follows the expected delay in destra-
tification of deeper water. In the shallow water on
Georges Bank, chlorophyll ¢ increases above the sum-
mer minimum during September, but continues
through November. In the deeper water, fall bloom ap-
pears during October, followed by decreases in Chl dur-
ing November and December. Fall bloom in some areas
of the Gulf of Maine approaches the magnitude of the
WS-bloom, but Georges Bank and Middle Atlantic Bight
fall blooms are clearly subordinate to WS-bloom:s.

Generally, mean Chl  decreases from nearshore to
the shelf-break. These cross-shelf gradients are usually
present in the Middle Atlantic Bight. On Georges Bank,
an annular pattern is usually evident, where Chl , de-
creases from shallow to deep water surrounding the
shoals. In the Gulf of Maine, Chl_ is not well correlated
with water column depth and bathymetric gradients are
much weaker than those for the Middle Atlantic Bight
and Georges Bank, where there is a regular seasonal
progression. Cross-shelf gradients are steeper during
the unstratified season than during the stratified sea-
son. They are most pronounced during January-Febru-
ary when the WS-bloom appears in the nearshore Middle
Atlantic Bight and in the shallow water on Georges
Bank, and least pronounced during April when the WS-
bloom appears in deeper water.

Measurements of chlorophyll in two size-fractions of
the phytoplankton, netplankton (>20 um) and nano-
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plankton (<20 um), reveal that the smaller nano-
plankton are responsible for most of the phytoplank-
ton biomass on the northeast U.S. shelf. Considering
all samples, the median size composition is 70%
nanoplankton, 30% netplankton. Strong dominance
(>90%) by nanoplankton was common while strong
dominance by netplankton was rare. Most of the an-
nual phytoplankton primary production on the shelf is
also by the nanoplankton (O'Reilly et al., 1987).

There are distinct patterns in seasonal, regional, and
vertical variation in size composition, which presum-
ably reflect variations in the species-composition of the
phytoplankton. Cross-shelf gradients in phytoplankton
size composition are frequently observed in contour
maps of individual surveys and in the two-month com-
posite contours. Netplankton dominate nearshore ar-
eas of the Middle Atlantic Bight and shallow water on
Georges Bank, where chlorophyll « is usually high;
nanoplankton (<20 pm) 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 pro-
ceeding offshore.

Size-fractionated measurements of chlorophyll into
netplankton (>20 um) and nanoplankton (<20 um)
also provide a useful rough index of major changes in
the phytoplankton composition that occur during spring
and fall blooms and between stratified and unstratified
conditions. Overall, netplankton dominate standing
stocks during the WS-bloom, whereas the fall bloom is
strongly dominated by nanoplankton offshore and
weakly dominated by nanoplankton nearshore. Our
findings support the emerging ecological paradigm
(Malone et al., 1983b) that netplankton (presumably
large diatoms or chain and colonial small diatoms)
prevail during the unstratified period when turbulence,
vertical mixing, and nutrients are high and photosyn-
thetically active radiation (PAR) in the upper mixed
layer is variable; and that smaller nanoplankton and
motile species prevail during density stratification, when
turbulence is low and average PAR is high in the upper
mixed layer.

Composite vertical profiles of mean chlorophyll «
concentration in 11 layers of the water column con-
structed for 26 subareas provide additional insight on
regional and seasonal differences in the vertical distri-
bution of chlorophyll ¢ and percent netplankton. Four
basic profile shapes are evident: uniform, declining,
bell, and inverted.

Vertically uniform chlorophyll @ profiles are most
obvious from November through February, the period
of minimal density stratification, and year-round in the
tidally well-mixed shallow water on Georges Bank. De-
clining vertical profiles occur during the winter-spring

and fall blooms, when highest biomass is in the upper
20-30 m of the column. Inverted profiles occur rela-
tively infrequently. They are most obvious following the
WS-bloom, when elevated concentrations of chlorophyll
a appear near the bottom of the water column in the
midshelf region of the Middle Atlantic Bight, but not
on Georges Bank and in the Gulf of Maine. The in-
verted profiles indicate that the near-term fate of the
WS-bloom in some areas of the shelf is sedimentation and
accumulation near bottom. Thus there are significant
differences among regions with respect to the fate of the
WS-bloom and the extent of its potential availability to
benthic animals. The intense and prolonged WS-bloom
throughout the water column in midshelf and outer shelf
MAB is followed by a major diatom sinking event, as
indicated by increases in chlorophyll a from surface to
bottom and by disproportionally more netplankton at the
bottom of the water column than near surface.

Bell-shaped profiles characterize periods of vertical
density stratification. Chlorophyll ais relatively low near
surface, progressively increases to the subsurface chlo-
rophyll maximum layer (generally in the pycnocline
20-35 m below surface), and then progressively de-
creases over the remaining deeper portion of the pro-
file. Subsurface chlorophyll 2 maxima are ubiquitous dur-
ing summer in stratified water. Chlorophyll a in the sub-
surface maximum layer is generally 2-8 times the concen-
tration in the overlying and underlying water and ap-
proaches 50-75% of the levels observed in surface water
during WS-bloom. This concentration of phytoplankton
biomass in and just below the seasonal pycnocline makes
this layer a highly localized and potentially important
source of organic carbon for herbivorous copepods.

The SSR during summer parallels the shelfwide pat-
tern for stability, indexed as the difference in density
(sigma-{) between 40 m and surface. The weakest stabil-
ity and lowest SSR’s are found in shallow tidally-mixed
water on Georges Bank; the greatest stability and high-
est SSR’s (8-12:1) are along the mid and outer MAB
shelf, over the winter residual water known as the “cold
pool.” 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.

A strong seasonality is evident in the magnitude of
chlorophyll, the size composition of the phytoplankton
chlorophyll, and in the shape of the vertical profile of
chlorophyll. In areas that stratify during summer, chlo-
rophyll @ concentrations at depths between 20-35 m
below surface are less variable over an annual cycle
than those in surface and bottom waters. Surface water
exhibits the most pronounced seasonal change. Chlo-
rophyll concentrations are generally lowest during the
period of vertical density stratification and highest dur-
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ing the WS-bloom. Chlorophyll concentrations 20-35
m below surface are less variable over the annual cycle
as a consequence of the establishment of a seasonal
thermocline. At this depth there is approximately a 2:1
range in chlorophyll concentration over the annual
cycle, whereas in surface, the range is 8:1.

The composite profiles of chlorophyll « also reveal
large vertical gradients in the size composition of phy-
toplankton during the stratified season. Usually, per-
cent netplankton increases with increasing depth be-
low surface. In some areas, such as the midshelf and
outer shelf Middle Atlantic Bight, percent netplankton
increases from ~10-20% near surface to 40-70% 50 m
below surface, suggesting large differences in phy-
toplankton species composition. Similar but less sharp
gradients are observed in the deeper stratified water on
Georges Bank and in the Gulf of Maine.

Although size composition of the phytoplankton var-
ies throughout the annual cycle and throughout the
water column in regular patterns in many shelf areas,
there remains much uncertainty about the precise spe-
cies composition of the phytoplankton, particularly dur-
ing the stratified period when largest vertical gradients
in size composition are observed. This is a neglected
area and warrants further field studies.

These characterizations of the seasonal and regional
differences in the magnitude of Chl , annual cycles,
and the shape of the mean chlorophyll a profile should
prove useful in understanding regional differences in
fisheries productivity. They will also help increase the
precision of ecosystem-wide estimates of euphotic stand-
ing stocks and primary productivity, when combined
with synoptic satellite measurements of the surficial
layer of the ocean.
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Appendix Figure Al

Locations of stations sampled during the 78 surveys considered in this report. Surveys are presented in chronological
order. The survey period and the survey name are shown in the upper left area of each panel. The dates of occupations of
standard transects (A, B, C, D, E, F, G) are shown in the lower right area for MARMAP surveys. Stations east of the map area
are not shown for survey AL 8011.
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Appendix Figure A2 (facing page and above)
Temporal distribution of chlorophyil sampling in subareas of the Middle Atlantic Bight, Georges Bank, and Gulf of Maine,

1977-88. Values in the left column are standard tile numbers (see Figs. 5, 8).
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Appendix Figure A2 (continued)
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APPENDIX B
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The distribution of chlorophyll ¢ (Chl @) and percent netplankton (% Net) during survey AR7701.
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Nov 12-Dec 13, 1977
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Appendix Figure B2

The distribution of chlorophyll a and percent netplankton during survey MM7711.
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Appendix Figure B3

The distribution of chlorophyll @ and percent netplankton during survey DL7802.
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Apr 18-May 22, 1978
AR76804
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Appendix Figure B4
The distribution of chlorophyll a and percent netplankton during survey AR7804.
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Appendix Figure B5

The distribution of chlorophyll a and percent netplankton during survey AL7807.
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Aug 11-Sep 04, 1978
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Appendix Figure B6
The distribution of chlorophyll 2 and percent netplankton during survey BE7801.
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Appendix Figure B7

The distribution of chlorophyll ¢ and percent netplankton during survey BE7803.
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The distribution of chlorophyll a and percent netplankton during survey BE7804.
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Appendix Figure B9

The distribution of chlorophyll 2 and percent netplankton during survey DL.7903.
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Appendix Figure B10
The distribution of chlorophyll @ and percent netplankton during survey DL7905.
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Appendix Figure B11

The distribution of chlorophyll @ and percent netplankton during survey AL7906.
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Appendix Figure B12
The distribution of chlorophyll @ and percent netplankton during survey BE7901.
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The distribution of chlorophyll a and percent netplankton during survey AL7911.
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Appendix Figure B14
The distribution of chlorophyll ¢ and percent netplankton during survey AL7913.
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Appendix Figure B15
The distribution of chlorophyll a and percent netplankton during survey WI8002.
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Appendix Figure B16

The distribution of chlorophyll @ and percent netplankton during survey AL8002.
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Appendix Figure B17
The distribution of chlorophyll a and percent netplankton during survey EV8001.
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Appendix Figure B18

The distribution of chlorophyll @ and percent netplankton during survey DL8003.
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Appendix Figure B19

The distribution of chlorophyll @ and percent netplankton during survey EV8006.
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Appendix Figure B20
The distribution of chlorophyll @ and percent netplankton during survey AL8010.
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Appendix Figure B21
The distribution of chlorophyll a and percent netplankton during survey AL8012.
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Appendix Figure B22

The distribution of chlorophyll a and percent netplankton during survey AL8101.
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Appendix Figure B23
The distribution of chlorophyll 2 and percent netplankton during survey KE8103.
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Appendix Figure B24
The distribution of chlorophyll a and percent netplankton during survey DL8103.
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Appendix Figure B25
The distribution of chlorophyll @ and percent netplankton during survey AL8114.
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Appendix Figure B26
The distribution of chlorophyll @ and percent netplankton during survey AL8202.
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The distribution of chlorophyll a and percent netplankton during survey DL8203.

Appendix Figure B27
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Appendix Figure B28
The distribution of chlorophyll @ and percent netplankton during survey DL8301.
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Appendix Figure B29

The distribution of chlorophyll zand percent netplankton during survey AL8304.
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Appendix Figure B30
The distribution of chlorophyll @ and percent netplankton during survey DL8309.
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Appendix Figure B31

The distribution of chlorophyll a and percent netplankton during survey DL8401.
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Appendix Figure B32

The distribution of chlorophyll ¢ and percent netplankton during survey AL8403.
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Appendix Figure B33
The distribution of chlorophyll ¢ and percent netplankton during survey DL8409.
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Appendix Figure B34

The distribution of chlorophyll @ and percent netplankton during survey DL8501.
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Appendix Figure B35
he distribution of chlorophyll @ and percent netplankton during survey AL8504.
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Appendix Figure B36
The distribution of chlorophyll e and percent netplankton during survey DL8708.
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Appendix Figure B37

The distribution of chlorophyll 2 and percent netplankton during survey DL8710.
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Appendix Figure B38
The distribution of chlorophyll @ and percent netplankton during survey DL8801.



APPENDIX C

Table C1

Chronological listing of surveys, dates of sampling, number of vertical profiles, number of samples, number of samples

taken 3 m below surface while underway, and summary by field program.

Cruise! Program Start Finish Profiles Samples Underway
AD7701 Other Mar 16,77 Apr 01,77 29 179
AL7705 Other Jun 22,77 Jul 13,77 45 304
AR7701 MARMAP? Oct 17,77 Nov 09,77 116 807
MM7711 MARMAP Nov 12,77 Dec 138,77 90 677
DL7802 MARMAP Feb 16,78 Mar 16,78 131 1,073
AR7804 MARMAP Apr 18,78 May 22,78 156 1,322
AL7807 MARMAP Jun 23,78 Jul 16,78 146 1,230
BE7801 MARMAP Aug 11,78 Sep 04,78 154 1,358
AL7812 NEMP? Sep 20,78 Oct 04,78 23 210
BE7803 MARMAP Oct 06,78 Nov 01,78 129 1,169
BE7804 MARMAP Nov 16,78 Nov 29,78 77 720
DL7901 NEMP Jan 23,79 Jan 31,79 10 73
DL7902 NEMP Feb 15,79 Feb 15,79 2 19
DL7903 MARMAP Feb 24,79 Mar 14,79 111 849
AD7901 Other Apr 18,79 Apr 26,79 48 347
DL7905 MARMAP May 06,79 May 29,79 168 1,390
AL7906 MARMAP Jun 17,79 Jul 13,79 131 1,140
AL7907 NEMP Jul 17,79 Jul 26,79 50 449
BE7901 MARMAP Aug 11,79 Sep 02,79 149 1,351
BE7903 Other Sep 12,79 Oct 09,79 54 498
AL7910 NEMP Sep 12,79 Sep 27,79 55 486
AL7911 MARMAP Oct 04,79 Oct 28,79 155 1,342
AL7913 MARMAP Nov 15,79 Dec 20,79 82 785
BE7905 Other Nov 22,79 Nov 27,79 16 151
DL7911 NEMP Dec 04,79 Dec 17,79 50 375
WI8002 MARMAP Feb 20,80 Mar 10,80 87 806
AL8002 MARMAP Feb 28,80 Apr 04,80 154 1,361
KE8004 NEMP Mar 24,80 Mar 30,80 29 198
EV8001 MARMAP Apr 16,80 May 12,80 153 1,418
EV8002 Other May 18,80 May 28,80 48 453
DL8003 MARMAP May 23,80 Jun 29,80 149 1,332
AL8007 NEMP Jul 10,80 Jul 23,80 56 475
EV8006 MARMAP Jul 16,80 Aug 08,80 159 1,445
EG8002 Other Aug 05,80 Aug 06,80 5 20
AL8009 NEMP Sep 03,80 Sep 17,80 69 557
AL8010 MARMAP Sep 26,80 Oct 29,80 175 1,601
KE8011 NEMP Oct 28,80 Nov 05,80 34 260
ALB012 MARMAP Nov 19,80 Dec 21,80 137 1,211
DL8009 NEMP Dec 02,80 Dec 18,80 66 516
AL8101 MARMAP Feb 17,81 Mar 24,81 150 1,374
KE8103 MARMAP Mar 18,81 Apr 08,81 93 773
KE8104 NEMP Apr 2481 May 08,81 54 431
DL8103 MARMAP May 21,81 Jun 17,81 148 1,428
AL8107 NEMP Jul 07,81 Jul 21,81 65 542
AL8110 NEMP Aug 27,81 Sep 16,81 67 583
AL8111 WCR* Sep 23,81 Oct 05,81 62 552 25
AL8112 WCR Oct 12,81 Oct 22,81 73 530
AL8114 MARMAP Nov 18,81 Dec 21,81 88 917
AL8201 NEMP Jan 26,82 Feb 10,82 49 42]
AL8202 MARMAP Feb 16,82 Mar 23,82 145 1,356
AL8203 NEMP Mar 30,82 Apr 06,82 23 178
AL8204 WCR Apr 19,82 May 03,82 64 792 8
DL8203 MARMAP May 18,82 Jun 10,82 110 1,104

conlinued on next page
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Table C1 (continued)

Cruise! Program Start Finish Profiles Samples Underway

AL8207 WCR Jun 18,82 Jul 01,82 88 874 82

AL8209 WCR Aug 09,82 Aug 19,82 53 420 54

AL8210 NEMP Aug 23,82 Sep 02,82 44 397

DL8206 WCR Sep 22,82 Sep 27,82 33 284 12

DL8209 WCR Nov 17,82 Dec 20,82 161 1,559

DL8301 MARMAP Jan 17,83 Feb 10,83 103 1,039

AL8303 Other May 13,83 May 17,83 30 199

AL8304 MARMAP May 26,83 Jun 21,83 176 1,640

AL8305 NEMP Jul 04,83 Jul 13,83 24 254

DL8309 MARMAP Nov 16,83 Dec 20,83 152 1,387

DL8401 MARMAP Jan 09,84 Feb 08,84 160 1,491

A1.8403 MARMAP May 09,84 Jun 02,84 177 1,655

DL8409 MARMAP Nov 01,84 Dec 05,84 141 1,273

DL8501 MARMAP Jan 07,85 Feb 06,85 130 1,187

AL8504 MARMAP May 08,85 Jun 04,85 167 1,403

DL8510 * MARMAP Nov 07,85 Dec 10,85 0 338 338

DL8601 MARMAP Jan 10,86 Feb 11,86 0 297 297

DL8603 MARMAP May 08,86 Jun 05,86 0 277 277

DL8607 MARMAP Aug 27,86 Sep 22,86 0 283 283

DL8610 MARMAP Nov 05,86 Dec 10,86 0 256 256

DL8701 MARMAP Jan 07,87 Feb 08,87 0 188 188

DL8704 MARMAP May 07,87 Jun 06,87 0 415 415

DL8708 MARMAP Aug 19,87 Sep 19,87 170 1,738 1

DL8710 MARMAP Nov 04,87 Dec 10,87 125 1,212 67

DL8801 MARMAP Jan 09,88 Jan 30,88 63 534 27
Program Profiles Samples Underway
MARMAP 5,107 47,947 2,149
NEMP 770 6,424 0
WCR 534 5,011 181
Other 275 2,151 0
Grand total 6,686 61,533 2,330

MM=Mount Mitchel, Wl=Wieczno.

3 NEMP=Northeast Monitoring Program.
* WCR=Warm Core Ring Studies.

2 MARMAP=Marine Resource Monitoring and Prediction.

! Vessel Codes: AD=Advance 1V, AL=Albatross IV, AR=Argus, BE=Belogorsk, DL=Delaware, EG=Evergreen, EV=Evrika, KE=Kelez,
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Table C2
Coordinates of standard MARMARP stations used in the Dirichlet tesselation to define tiles.

Region/Subarea Tile Lat. N Long. W Depth (m) Area (km?)

MAB! Chesapeake plume 12 36°57" 75°48' 18.7 966

MAB Delaware plume 29 38°45' 74°57 19.8 649

184 38°34" 74°53%' 19.3 544

MAB Hudson-Raritan plume 55 40°26' 73°50" 28.7 718

187 40°15' 73°54' 22.8 342

MAB southern nearshore 4 35°51" 75°29' 21.1 1,197

11 36°33' 75°47T 17.1 1,055

21 37°15' 75°40' 135 1,163

22 37°37 75°19° 20.3 1,195

23 37°48' 75°17 17.5 1,041

28 38°10' 74°54’ 20.4 1,522

MAB central nearshore 30 38°35' 74°48' 24.7 562

41 38°55° 74°33' 20.9 1,282

42 39°14 74°26' 17.7 934

43 39°21" 74°06' 25.8 1,307

52 39°34’ 73°49' 24.0 1,176

53 39°43° 74°03' 15.3 565

185 39°55° 73°56' 21.6 684

54 40°07 73°48" 29.3 620

56 40°16' 73°36' 27.2 829

67 40°28' 73°13 31.4 1,681

68 40°44’ 72°40' 26.4 836

MAB southern midshelf 1 35°16' 75°14' 31.0 1152

2 35°28' 75°15' 27.5 1,193

5 36°15 75°32' 249 1,348

6 36°2%' 75°15' 33.7 1,224

7 36°09' 75°06' 35.7 1,499

10 36°43' 75°22' 20.2 1,020

13 36°55' 75°33 20.0 853

14 36°53%" 75°19° 27.7 729

15 36°51" 75°04' 33.8 899

20 37°18 75°09' 26.9 1,454

24 37°31 74°57 30.9 969

MAB central midshelf 27 37°48' 74°46' 38.8 1,465

31 38°25' 74°39' 32.6 868

32 38°14° 74°31 40.5 874

33 38°04' 74°22' 48.7 1,107

39 38°25' 74°07 53.9 1,535

40 38°40° 74°19' 42.6 1,260

44 38957 74°07 41.8 1,460

45 38°45' 73°45' 55.3 1,991

50 39°12' 73°39° 42.7 2,143

51 39°39 73°28' 34.2 1,667

186 39°52 73°3% 34.1 971

57 40°06’ 73°2% 46.6 1,188

58 39°52' 73°05" 68.4 1,618

MAB northern midshelf 66 40°19' 72°4% 50.0 2,225

69 40°34' 72°28' 44.6 1,476

74 40°49' 72°08' 37.9 1,696

75 41°04' 71°42' 43.1 1,179

76 41°20° 71°21" 30.0 765

77 41°09 71°15' 40.2 653

78 40°58' 71°10° 50.6 1,252

79 40°41 71°02 62.3 1,651

86 40°42' 70°35' 57.5 1,521

87 41°10° 71°00' 33.8 966

88 41°038 70°33" 44.4 1,400

continued on next page
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Table C2 (continued)

Region/Subarea Tile Lat. N Long. W Depth (m) Area (km?2)
MAB northern midshelf (continued) 89 40°41" 70°11" 49.6 2,348
MAB southern outer shelf 3 35°41" 74°58' 50.8 1,570
9 36°39" 74°52" 56.9 1,120
16 36°49" 74°50" 53.9 711
19 37°13 74°45" 65.0 1,773
25 37°31 74°3%9° 62.2 1,087
26 37°38' 74°21" 145.5 1,279
34 37°51" 74°11 105.8 714
37 37°59" 73°58' 215.2 1,428
38 38°21" 73°39" 186.5 1,894
47 38°59° 73°08" 78.7 1,676
49 39°17 72°51" 77.6 1,721
59 39°39° 72°46° 70.2 1,310
60 39°28" 72°33" 106.0 982
MAB norhern outer shelf 65 39°51 72°27 72.8 2,119
70 40°14’ 71°57 66.1 2,265
71 39°52" 71°49" 145.5 2,209
72 40°04" 71°30" 137.3 2,633
73 40°31" 71°36' 70.1 2,503
80 40°21" 70°51" 96.9 1,595
81 40°10" 70°46' 133.4 1,061
85 40°13" 70°25" 114.9 2,204
90 40°24" 69°42" 70.1 2,095
91 40°08' 69°34" 91.7 1,735
Southern slope 8 36°16' 74°46' 318.0 1,380
17 36°46° 74°35 1059.0 1,082
18 36°44' 74°20" 2055.0 1,314
35 37°41" 74°03' 1217.7 1,036
36 37°26' 73°50" 2044.9 1,675
46 38°39" 73°09" 198.5 1,778
48 38°58' 72°48' 735.1 1,535
61 39°18' 72°19 239.3 1,071
62 39°10° 72°07 1275.0 1,149
63 39°02" 71°57 2250.0 1,174
64 39°33%" 72°07 307.0 1,785
GB? central shoals 123 41°11° 68°08' 37.5 1,933
147 41°30° 67°41" 38.1 1,211
148 41°16’ 67°41' 37.2 822
156 41°18' 67°33' 54.7 1,196
GB northern shoals 124 41°37 68°06' 37.1 1,633
146 41°48' 67°42' 35.4 1,479
160 41°59' 67°24' 35.7 1,450
GB western outer shoals 120 40°48' 68°17 54.1 1,786
121 40°51" 68°44' 61.9 1,519
GB eastern outer shoals 157 41°38’ 67°01" 60.8 2,084
158 41°36° 66°31" 78.8 1,263
159 42°02' 66°50" 69.8 2,119
GB Great South Channel 92 40°37 69°14' 62.0 996
111 41°04' 69°06' 79.9 1,093
112 40°55" 69°06' 73.1 793
113 40°39" 69°05" 72.6 710
122 41°20 68°42" 86.9 1,857
GB southern flank 114 40°25' 69°03" 80.5 1,275
117 40°29' 68°37 82.2 1,419
119 40°31" 67°56" 126.7 1,240
149 40°56' 67°41" 60.5 1,559
150 40°37 67°41" 84.9 1,022
153 40°46' 67°19' 91.2 1,399

continued on next page
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Table C2 (continued)

Region/Subarea Tile Lat. N Long. W Depth (m) Area (km?)
GB southern flank (continued) 155 4113 66°56' 69.3 2,161
GB northeast peak 177 41°52' 66°20’ 81.7 1,331
178 41°30° 66°20° 88.0 1,213
179 41°10' 66°19’ 152.5 1,759
191 41°39 65°53" 123.5 1,472
192 41°54" 65°49" 130.8 1,570
GB northern slope 82 39°59° 70°40' 311.5 1,237
83 39°48' 70°35° 1,224.3 1,361
84 39°37 70°30' 2,261.7 1,334
115 40°05' 69°01" 275.1 1,585
116 39°52" 69°00' 1,812.9 1,666
118 40°20° 68°21° 162.3 1,643
151 40°22 67°40" 820.0 1,415
152 40°04' 67°41" 2,116.8 1,799
154 40°40 67°05" 267.0 1,974
180 40°53' 66°19' 1,932.8 1,069
193 40°52' 66°37' 542.3 1,619
GB Nantucket shoals 93 40°5%’ 69°34° 37.2 1,967
GOMS3 western 94 41°32' 69°26' 68.4 1,392
95 41°58' 69°50' 98.0 1,588
97 42°06' 70°20° 59.7 1,103
98 42°26' 70°38 71.1 1,267
99 42°48' 70°32' 88.5 1,848
188 42°26' 70°09 78.0 1,752
GOM northern 101 43°08' 69°58" 145.0 1,554
102 43°24 70°12 91.9 1,616
103 43°20° 69°41° 177.8 1,533
104 4340’ 69°22' 96.5 1,426
183 43°17 69°20’ 165.3 1,240
105 42°58" 69°17 163.3 1,717
131 42945 68°46' 183.7 1,791
135 43°22 68°41" 135.2 1,841
136 43°08' 69°01" 161.8 1,344
137 43°37 68°56' 116.5 1,661
138 43°58' 68°35' 81.5 951
GOM Wilkinson Basin 96 42°15' 69°48' 228.8 1,846
100 42°50° 70°00° 184.0 2,119
106 42°35' 69°14’ 217.6 2,231
107 42°11 69°12' 195.3 1,463
108 41°54' 69°10° 207.0 1,400
109 41°39' 69°09° 168.5 792
110 41°20" 69°07' 151.4 1,190
125 41°52 68°11" 161.2 1,789
126 41°37 68°53' 127.3 1,352
127 41°59° 68°39' 165.5 1,398
128 42°10 68°48' 187.1 1,231
129 42°19 68927 197.5 1,982
GOM Georges Basin 130 42°40' 68°19 202.9 1,612
143 42°59 67°42' 182.8 1,989
144 42°36° 67°42' 198.4 1,434
145 42°18' 67°42' 228.5 2,014
161 42°11" 67°15' 188.3 1.803
162 42°43' 67°28 210.7 1,519
163 42°46' 66°58' 180.0 2,658
174 42°28' 66°20' 250.7 1,217
175 42°17 66°20' 243.5 1,046
176 42°09' 66°20' 173.9 1,122
GOM Jordan Basin 132 42°55' 68°22' 163.6 1,700

continued on next page
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Table C2 (continued)

Region/Subarea Tile Lat. N Long. W Depth (m) Area (km?)

GOM Jordan Basin (continued) 133 43°12' 67°59’ 200.6 1,113
134 43°23' 68°08' 206.3 1,790
142 43°49' 67°43' 220.6 1,751
167 43°42' 67°26° 208.8 1,415
182 43°24' 67°43' 251.0 1,779

GOM Scotian Shelf 139 44°01" 68°17' 88.3 646
140 43°58' 68°11" 135.8 1,452
141 44°20' 67°43' 83.4 1,804
164 43°12 66°48' 142.3 2,027
165 43°35' 66°44' 118.0 1,673
166 43°30' 67°00' 204.1 1,612
168 44°02' 67°10 139.9 1,957
169 44°16' 67°07' 140.8 1,449
170 44°16' 66°36' 197.1 1,570
181 44°00" 66°12' 23.0 1,093
171 43°32' 66°20" 71.4 1,490
190 43°17 66°20' 74.6 1,241
172 43°01 66°20' 127.6 1,210
189 42°49' 66°20° 61.5 1,020
173 42°39' 66°20° 105.2 1,006

Total Area = 272,807 km?

I MAB=Middle Atlantic Bight.
2 GB=Georges Bank.
3 GOM=Gulf of Maine.
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Table C3
Mean water column concentration of chlorophyll @ and associated statistics by tile and by two-month periods.
January-February March-April May-June
Min. Max. Mean CV3 Min. Max. Mean CV. Min. Max. Mean CV.
Y! P2 Chle Chla Chla Chlg Net.' Pha’ Y P Chla Chla Chla Chla Net Pha Y P Chla Chle Chig Chla Net. Pha
Tile # # pgi' pgt' pgl % % % # & pgttougl! gl % % % g & pgit pgtt g % % %
MAB Chesapeake Plume 14 m
12 6 153 937 375 647 624 223 5 10 028 2260 585 1094 585 218 7 9 064 1916 335 1362 34.1 223
MAB Delaware Plume 20 m
29 6 6 392 18535 1074 438 704 196 4 9 076 970 534 57.8 584 204 7 8 046 632 372 49.1 431 266
184 5 5 405 1203 897 310 66.7 191 3 5 23 797 516 426 508 135 6 7 125 652 365 3511 49.0 238
MAB Hudson-Raritan Plume 23 m
55 5 6 272 1390 803 46.6 821 154 5 17 0.13 1537 579 71.7 64.1 175 9 12 077 687 344 347 286 24.7
187 3 3 594 978 801 198 681 159 5 10 1.05 1230 375 67.7 535 19.2 7 8 1.35 1063 420 634 370 25.1
MAB Southern Nearshore 13-20 m
4 4 4 2 3.7 4.04 326 643 24.0 4 4 102 213 158 268 341 31.0 7 8 037 388 1.31 773 289 299
11 6 6 238 1501 571 749 68.6 20.6 4 5 090 342 192 482 434 223 7 8 065 600 227 709 293 223
21 5 6 161 871 493 463 503 307 4 6 036 716 193 1229 420 282 6 7 048 758 254 869 286 194
22 5 5 199 959 329 482 534 20.2 4 6 067 352 190 381 388 296 7 8 037 28 135 324 429 248
23 6 7 258 1067 688 335 5365 211 4 7 039 520 231 675 478 29.1 7 9 063 412 204 512 350 276
28 6 8 363 931 649 338 607 163 4 7 120 338 220 376 463 254 7 7 067 333 161 335 385 264
MAB Central Nearshore 15-30 m
30 3 5 272 . 540 389 649 19.2 5 7 070 952 385 79.1 619 23.1 6 6 090 455 216 538 326 239
41 5 5 320 588 425 253 598 22.0 5 7 065 737 340 768 716 227 7 7 145 502 2533 453 357 229
42 4 4 432 727 521 230 656 286 5 7 0601 1021 395 878 686 261 7 7 030 243 146 46.1 194 302
43 4 3 161 600 390 398 610 284 6 11 033 606 284 654 532 244 6 6 078 4530 205 5372 320 229
32 3 5 114 479 328 407 605 194 5 11 024 724 241 882 390 208 6 7 092 366 174 538 5303 240
53 4 4 494 1529 1036 355 81.7 183 5 7 126 972 418 634 360 240 7 7 096 579 327 567 49.7 283
185 3 8 301 11,10 780 444 665 137 5 10 130 930 492 545 387 200 8 11 062 460 175 609 385 313
34 4 4 228 729 419 447 644 185 5 8 127 548 3.08 30.1 374 204 7 7 075 336 1.76 325 3551 25.7
36 4 4 230 1167 763 460 715 163 4 8 057 744 3.37 69.8 64.7 160 8 9 0538 364 1.31 376 455 274
67 6 6 274 819 482 356 678 203 4 11 083 433 1.77 536 68.0 19.1 9 9 04] 1.97 1.27 489 36.0 274
68 6 6 184 721 380 448 734 220 4 10 096 641 237 796 722 174 8 9 029 303 1.34 604 302 302
MAB Southern Midshelf 2040 m
1 4 4 071 38 246 462 670 259 2 2 108 124 1.16 69 322 363 6 9 020 1.60 060 682 181 335
2 4 4 039 570 266 703 60.7 246 3 3 054 239 1.47 514 51.0 443 6 8 015 1.11 060 495 303 34.1
5 4 4 097 313 236 361 688 216 3 4 066 340 1.73 653 439 248 7 8 027 1.43 083 3500 245 336
6 5 5 151 38 246 330 544 219 3 % 032 361 1.74 793 642 209 6 8 030 1.84 094 5335 437 265
7 4 4 187 283 236 170 657 234 3 3 043 5.66 230 1035 744 148 6 7 030 1.58 093 407 321 311
10 6 6 117 4537 283 449 541 218 3 3 072 178 1.17 382 305 269 5 6 06l 2.65 1.26 60.7 325 20.3
13 3 5 1.7% 3500 359 31.8 50.1 236 5 6 033 194 1.14 60.5 276 30.1 6 7 019 806 1.89 1359 319 206
14 3 5 034 326 230 43.0 459 258 4 5 002 245 1.04 803 381 181 6 7 028 38 167 731 419 254
15 6 6 114 504 322 424 562 19.1 3 8§ 003 4.10 212 69.0 69.2 206 7 8 033 254 1.24 356 401 27.0
20 5 6 174 313 277 409 518 265 4 53 020 242 1.16 749 5340 211 6 7 021 1.74 1.03 300 31.1 300
24 3 5> 168 766 436 3500 382 201 4 6 067 3528 238 6435 685 182 8 9 0531 243 125 491 409 238
MAB Central Midshelf 30-60 m
27 6 8 165 678 362 477 530 183 5 8 09 500 211 679 716 198 7 8 071 3.06 1.27 581 533 226
31 5 5 180 6535 293 622 381 206 4 6 044 510 247 674 691 193 7 8 039 236 1.27 49.0 51.0 257
32 5 5 140 735 278 828 620 232 4 6 043 730 3.18 799 784 138 7 7 065 1.98 1.26 366 577 259
33 6 6 078 394 203 551 627 2253 4 7 067 737 347 706 821 13.0 7 8 045 1.80 1.21 410 606 23.4
39 5 6 097 286 163 488 474 249 5 10 068 754 319 746 78.0 169 8 10 047 273 136 365 658 236
40 4 4 152 247 195 175 458 29.1 5 8 080 6.16 309 387 795 193 7 7 060 227 140 46.1 58.0 252
44 5 5 165 448 272 369 4935 242 5 9 062 763 277 803 759 171 8 8 033 318 124 701 617 2.8
45 53 5 051 259 146 488 494 25.2 5 10 085 649 328 383 731 152 710 044 200 118 490 343 234
50 % 3 213 297 2534 135 248 264 6 8 08 69 235 734 742 150 8 8 048 210 1.25 321 345 255
51 4 4 126 3.01 221 283 3526 23.0 5 6 114 513 277 528 60.8 163 8 8 067 243 1.39 431 496 24.8
186 4 4 214 373 310 208 366 238 4 8 098 612 2.89 376 709 179 6 6 034 22 145 435 556 228
37 5 5 219 417 332 225 632 184 5 8 052 451 215 676 71.7 173 9 11 046 296 1.34 379 60.1 235
38 5 3 083 221 152 367 362 244 5 10 072 622 289 373 767 155 8 11 062 132 096 212 517 289
MAB Northern Midshelf 30-60 m
66 4 4 082 413 235 305 629 237 4 6 077 371 232 333 777 154 8 9 044 233 1.32 47.0 504 195
69 4 4 225 337 296 152 71.7 184 3 7 036 299 1.33 5302 738 212 9 10 045 268 1.03 649 519 266
74 53 5 212 458 335 234 709 204 4 7 048 389 1.89 527 737 222 8 8 018 294 1.18 644 379 306
75 3 3 399 489 440 85 752 258 5 8 122 5537 313 516 786 212 8 8 043 312 1.42 640 368 300
76 3 3 125 272 215 299 738 186 5 11 067 804 360 69.0 702 203 8§ 8 044 238 1.09 616 256 29.7
77 2 2 324 363 344 6.0 859 142 5 8 149 399 295 280 822 216 8 8 027 334 1.17 797 423 295
78 2 2 212 321 267 205 717 231 5 8 020 543 227 675 634 223 8 8 031 1.64 079 498 382 357
79 3 3 08 412 203 732 740 231 5 9 033 888 245 1007 77.0 197 8§ 9 024 087 062 321 193 38.1
86 3 4 067 445 240 624 738 233 5 7 082 522 284 533 815 186 8§ 8 019 337 1.19 833 467 304
87 3 4 28 33 419 298 796 218 5 9 042 438 238 615 758 2353 7 7 0535 1.92 1.03 446 236 295
8 4 5 1.74 547 360 367 693 264 5 6 099 12.04 509 754 856 182 8 8 020 4533 110 1207 428 277
89 5 6 083 372 1.76 539 63.1 269 5 14 121 841 340 625 724 248 7 7 044 448 1.73 711 332 27.0
MAB Southern Outer Sheif 60-200 m
3 4 5 1.00 252 174 277 710 243 3 3 047 431 2.02 878 730 226 6 7 021 098 048 593 338 414
9 7 7 03 472 1.87 718 5350 23.7 4 3 032 583 215 904 723 198 7 9 01 2.22 1.17 528 356 269
16 5 5 051 422 200 650 390 240 3 4 008 462 1.75 987 315 163 6 8 030 222 086 681 452 288
19 5 6 047 213 107 487 414 314 4 6 021 457 1.82 843 69.7 172 6 7 041 1.85 098 445 304 289
25 4 4 071 174 104 40.1 46.0 324 4 4 062 677 337 704 800 160 7 10 035 242 101 682 5380 258
2 4 4 049 130 073 458 347 36.0 4 6 063 45 1.62 849 758 198 § 12 031 182 086 361 444 252
34 5 5 027 140 073 630 204 329 5 6 081 427 217 604 731 225 6 9 014 224 086 686 464 253
37 53 3 036 094 0538 342 141 395 4 6 081 345 1.80 37.1 663 214 8 10 015 139 0.70 531 321 293
38 4 4 029 08 054 380 124 392 5 8 079 288 1.90 348 742 208 8 14 02> 090 050 41.7 1435 349
47 4 4 039 598 212 1067 282 419 5 6 028 503 259 692 832 178 7 7 033 254 095 734 332 316
49 3 35 047 281 1.31 662 5333 238 6 9 061 522 217 77,1 711 156 8§ 9 024 1.24 078 389 380 334
39 5 6 084 239 152 380 5360 251 5 9 069 670 282 711 716 143 9 10 023 1533 08 459 411 308
60 4 4 038 083 071 136 283 341 4 6 0539 376 189 386 694 17.1 8 9 03 115> 068 368 166 32.0

continued on next page
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Table C3 (continued)

Julv-August September-Uicinher November-December
Min. Max. Mean CV3 . Min,  Max. Mean OV Min. Max.  Mean CV.
Y' P2 Chla Chla Chlg Chla Net' Pha? Y P Chla Chle  Chle Chlw  Net Pha Y P Chla Chla Chia Chle Net. Tha
Tile ¥ & opgl' opglt ougl? 9 5 ¢ 0% ugl! gl opert % i % ¥k ugl opgt opg? % % %

MAB Chesapeake Plume 14 m
12 6 8 138 699 942 492 460 235 4 8 133 1240 174 RE3 215 324 5 07 191 837 478 408 447 273
MAB Delaware Plume 20 m

29 5 6 032 104 30.7 300 288 880 ] 154 4354 Hoo8 093 629 332 464
184 4 6 083 6.69 z 81.2 4 B 049 f8I1 347 WY 297 b 8 190 712 484 298
MAB Hudson-Raritan Plume 23 m

3 4 8 120 iG.le 5,89 3871 425 3 14 055 .95 10249 476 203 612 200 5.1% 357 327
iI87 3 10 135 243 1% 425 478 4 5 088 H3) E38 491 221 § 8 269 6,32 4.38 28.1

MAB Southern Nearshore 15-20m

4 4 4 10 221 104 T 479 241 Vo2 fad 1.a7 108 3.3 391 3 5 .80 78]
I 6 7 040 202 h6S8 418 204 L& 03y nu2 L[] 298 %52 3 6 136 7.26
215 5 L0 5 405 L 2 b5 028 n 1.6 3la 263 5 6 %39 9.37
22 4 1 074 1.61 {383 b 2 2 040 1.09 .1 w4 302 4 4 015 4.88
20 7 B 093 664 261 6749 519 241 4 6 068 630 240 f1.8 354 ¢ 7 liké 740
2 5 7 043 40 396 454 2LK 3 5 037 312 T 7, 540 274 67 1.84 4.61
MAB Cenural Nearshore
3 4 B 077 59.0 04 2105 4 6 LI 2HB
11 4 R 040 B2RG4a 207 3 7 L4 200
12 53 7 097 h1.2 5 5 138 3.5¢
43 3 8B 04l 5 6 DAF 210
20l 0. £ 7 0ub 211
3% 3 2 i 1 1L8Y 270
185 } R T2 PO T (Y ] 2 49
M 3 4 e i 4 081 .87
a3 & LB3 49 03 1.4
LI T P A § FE=E | 6 8 37 | 44
oy 0 I (h48 fH 7 138 g
MAB Southern Mudshel!
| i i 020 4.7 3 0},u8
s | I 0 Al 4 (M}
- JHNF T | 27 O [l
i t 3 1 (] i
A S 1 )62 141
W o4 4 i G 143
13 i - - BL it
I 4 A } 1.1% 3
15 i T 3 3 15 15
: 1] 1 E i
al Middshedf 30450 m
T N8l 395 LG 602 3548 i 0 02 1. 67 58 Und 1.67  48.7
il 4+ 3 NET 254 .75 %354 ] i VNG i 3 143 Bt 235 119
! o 6ed 3.04 3 i A7 (LK) () 20l 1 il
5 W ubl LA { 14 s }2 ) ()78 256 129 301
.75 7 9 K 6 7 036 2.81 1.40 ]
. E .28 1.6 3 L R 200 ¥ 3 14D .08 243 350
T | Y | .04 A ) { fi T8 0HEd i H 24
3 3 B (R b7 (L78 2.78 b i1.2
t o 2 4 b 204 i & 1I8 247 1. 2.1
{0 0 l t | i 3 3 llb 328 26.9
3 ) i} A B .11 ti 1488 5.86 518
Y (1.5 i S N 4 LUk i 0.75 206 .5
M 4 6 45 1 R U TS, R P iR 164 488 16.Q
MAR Northern Midshelf
4 6 0.4l .12 7 } L% 23 R0} 7 7 0 )40 24:8
B 5 §F 04 KL il f i G 510 - v It RN 2.7
M 4 6 033 48 : bood4R 24l I 7T 7 1014 4.5
73 y 4 i2 .5 SO T |5 S W Il T 1.0 14.2
(T 1 11 i 7 062 288 | " 1.10 Al
T § 3 1.1 147 ¥ 4 D67 1.5 ) 0ot 345 Ul H
i1, [ - I i 4 % R 5] p ) L R0 99 |
L 612t 14 1) | 5] b 254
1A T DO e n 8 72 142 el I |22 26
57 ¢ | { t (Y N4 (1 = | Mj .42 1.9
s 47 j t 14| i M g B P T 290
H¢ | 174 LI Fi4 200 19 Ul ] ) i ) 13 074 7 i
MAB Sodihern Qurer Shell B1-2080 m
1 i = 31 (R innl 14 4 100 57.1 $ b 0% al b 3
y R T <t} . 3 | ) 53 | 3 b
ih 4 'S K7 | | 1l Y { | |
14 7 b3l 1)) 1 0GR 3 i 4
/O S| ] 3 ‘ S R VB 147 3 5
T ] 1 1 R )77 z &
i i 3 178 e 2 L= ) 23 A a
17 ! f (8 11 34 & ! L il il 3
@ 4 3 164 14 5 { K] [T ]
i 3 ) R 5.0 1 { 1.5 8T 353 » b
i 7 1l 1A a3 8 02D LIS S 6 7 .
it G 1l 1 a1 B ] 4 1 e 4700 St a ) 1.18
i 4 5 {143 i 34 4 1,34 A7 442 3 3 105
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Table C3 (continued)

January-February March-April May-June

Min, Max. Mean CV? ) Min Max. Mean CV Min. Max. Mean CV.
Y P2 (he Chle Chla Chla Ne.' Pha’ Y P Chia Chla Chia Chla Net Pha Chle  Chlg Chla Chla Net. Pha
¢

av -2

Tile &% # oagl' opgl! ouglt 4 % % #4 ugt gt gt 9 % % ¥opgl' ouglt o opg? o % %
MAB Northern Outer Sheif 60-200 m
65 4 4 031 200 41 429 61.6 221 4 3 072 224 1.43 384 323 196 9 9 037 235 1.04 67.1 303 324
70 3 8 168 228 203 126 589 213 4 5 0353 513 1.57 1136 71.2 187 6 6 025 107 074 352 189 339
71 %3 3 035 050 0457 274 170 38.7 4 6 020 287 117 822 822 215 9 11 027 094 065 296 131 350
72 %3 3 040 030 ran a0y 327 291 4 5 030 217 1.23 53.7 635 217 8§ 12 019 141 069 345 86 359
7% 4 4 081 370 1.81 620 638 239 5 7 043 338 1.30 821 39.3 183 8 8 017 094 033 452 220 431
80 3 3 028 274 1,33 782 736 204 3 10 049  4.82 199 735 631 167 8 8 037 128 080 362 69 371
St 3 3 031 034 061 S6t 446 273 5 3§ 047 144 092 332 34.1 304 7 7 040 104 071 304 355 384
8 3 4 038 279 1.30 win 613 273 3 11 039 200 [.03 496 393 295 8 9 034 138 076 450 47 36.7
90 4 4 033 133 08 430 538 23.0 5 8 028 291 141 395 64.1 288 8 8 060 170 096 354 262 347
91 4 3 029 1.76 085 383 49.8 298 5 6 038 130 0.69 46.1 443 438 8 8§ 032 1.8 086 348 68 328
Southern Slope 200-2,000 m
8 4 4 031 104 3 3 079 1.24 096 21.1 439 310 6 7 034 1.37 066 485 3953 319
17 3 3 002 119 4 5 039 397 143 914 513 251 6 7 014 1.23 039 5342 284 320
18 1 1 032 052 2 2 0% 0.62 435 266 36.7 11 021 0621 021 143 51.2
3B 4 4 029 077 4 4 089 1.07 143 5322 267 § 11 016 106 060 410 236 296
% 1 1 039 039 11 108 1.08 6h.7 239 2 6 033 066 050 201 356 381
46 4 4 021 071 3 8 022 [69 672 364 235 77 025 140 067 518 226 287
48 1 1 025 025 3 & 051 1.25 562 628 V1.8 103 0584 034 8.8 443
6l 4 4 D44 D89 4 7 046 162 %54 571 232 708 018 052 049 423 173 345
62 1 1 0.349 039 11 Lo 100 5.0 529 12 024 063 044 443 L6 460
6% 1 1 032 032 1 1 lo6 1.06 43.3 298 12 030 047 039 21 39 438
6t 4 4 02 093 4 5 046 218 30.7 G8.1 20.1 § 11 016 1.00 049 149 176 374
GB Central Shoals 35-33 m
123 3 4 ui4 203 4 6 11.91 Gl 609 716 205 8 13 038 o4l 246 718 4.6 279
147 3 3 135 y 8 Va4 27 493 720 176 5 49 073 e 288 449 002 232
48 3 3 1350 y 5 (X .42 438 685 214 8§ 20 03% 368 233 696 548 272
1)
GI Northern Shoals 3040 m
194 3 3 24 137 L3 42 538 869 g 4.2 3 4 04 2,70 G670 9.6 27
140 b 3 1148 .35 .85 432 392 388 5 4 - .0t 3l 308 249 2|
60 3 3 044 .63 U8l 199 287 3K.1 5 116 T a4 06 239 638 184
GB Western Outer Shoals 804
120 y 3 053 | 1.03 4.3 497 381 2 | 1 8 9 033 4.90 240 GBg 520 64
3 (At 1.70 37 960 629 342 i 3 20 4010 137 b8 248 520 387 266
astern COuter Shoals 60-80 m
2 2 069 0T 0.7l 4 2.7 P T Rt 2498 14N 7 039 Y9
i i 0).37 9.62 4 2 2 I .67 1 495 24 384 H02 218
i 4 D51 .05 )57 i 3 4.3 TO0 DTO 3. 1% 2.0 A 87 196
GHB Great South Channel H0-100 m
a2 1 1 033 1.33 133 (. ¥
il 3 % 023 046 .37 5 F 4.3 74 A0 87 w2 oHdb 246
112 3 3 037 182 (.60 5 Ma 7 9 032 5.49 35 622 215
13 3 : 163 152 1.19 5 7 2.0 b 1 14t 2,32 W5 380 282
122 i3 024 0.77 .33 d & 0.2 8 4 1.23 274 Hl4 509 264
GB Southern Flank ou=200 m
14 4 4 063 21 198 4] 15 874 248 A0 w47 130 .96 429 84 373
7 4 3 07 o U.G8 LV T S a3 8 4 035 144 088 %71 104 338
a1 4 i 1.he 0.7 1 S 1.36 . 32.9 5 1006 [.78 071 641 194 338
M9 4 5 005 £.10 1.4 4 503 .06 AL S ano a0 015 .10 154 1447 303 321
150 3 3 0.2 0.35 .39 ] i 0.3 1.u3 $5.4 M0 B0 043 1.81 08D 505 207 327
L5 4 4 027 .94 n.58 2 3 0.34 1.09 0.09 44,7 430 .6 6 17 0483 1.81 112 374 44 E3%
135 5 6 045 1.88 1.l 4 6 0.9 344 198 43 7.7 280 7 8 )-20 3.1 29 639 45 3.7
GB Northeast Peak 80-200 m
177 4 4 044 1.17 1,71 3 3 B B (8 8 1 480 HA4.5 900
178 4 P oDA2 0.5%) 0,60 2 2 yooh 1.52 15 0.97 LV I LI .1
174 1 LAz 163 1145 3 | b o 1.34 1.81 U7 a0 915 306
Ul 11 D44 D .44 | | o 0.35 .34 .94 418 26 368
e v U e 066 (T l 1 2 2 4ul v 1.07 150 173 352
Northiern Slope d0G-2,000 m
g2 S I | 2. § 101 b3 445 419 954 I 1] # 2 .13 ] .60 178 3.t 300
45 3 { | 135 055 7.5 5.5
| 9 ! |98 141 3| 24 290
115 2 2 048 072 055 209 373 9286 i & 7 8 0% 170 04wl 38 9 A9
LIt
14§ 3 3 Las 047 0t 210 1ud ¥ o T 1 1 $.13 1.08 ] v 4 794
2 2 182 W33 (S| U K7 7 5 3 3 .77 600 1d 352
)4l .40 1140 35 9.4
5 3 032 078 030 316 129 244 7 8 1 095 Lt 076 340 BT 33w
] @
1 Il D42 ud2 D42 7.1 Ao 1 i I 1 113 113 i 4.3 365
GB Nantucket Shoals 37 m
[T 4 | 13 i fi.32 "9 MY TRI3 8 3 o A N4y 417 Y05 1lun H0A 967
GOM Western GO=100
Wy 6 020 0 033 377 3856 294 5 F SO T 088 423 161 M7
95 53 B 0MdH  3IB 7 75,79 173 3 B 1 3 5 8 039 0.70 458 215 434
Y76 .5 {23 4.4 7Y 147 t i 1.08 4 bdl 231 6 7 025 090 610 26 362
G805 6 040 4.03 a5 677 152 3 S 1| 870 248 209 6 B (.18 &) L2 w70 148 374
99 5 6 051 L4 4 ATH 2453 22 DAk 165 96> R7 a a4 03 21 083 798 YD 35
IR% 6 6 038 285 it 684 20.1 Pl sy A3.7 220 3 7 020 L1 3% 325 76 386
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Table C3 (continued)

July-August September-October November-December
Min. Max. Mean CV? . Min,  Max. Mean CV. Min. Max., Mean CV.
Y P* Chla Chla Chla Chig Net' Pha’ Y P Chla Chle Chia Chla Net. Pha Y P Chla Chla Chle Chia Net. Pha
Tile 4 ¥ pgl* opgl' o pgtt % % % & 4 pglt opglt gt % % % # & gt gt gt G % %
MAB Northern Outer Shelf 60-200
65 4 6 029 071 051 318 242 370 4 5 028 104 062 490 218 359 6 7 060 23] 1.38 396 547 238
70 5 7 021 092 060 452 190 333 4 7 033 089 049 373 253 371 7 8 049 290 132 502 671 229
71 7 9 017 079 041 419 83 358 4 7 019 1.02 056 490 354 335 6 8 034 223 107 520 538 276
72 4 7 028 056 042 202 119 364 4 5 032 112 057 309 280 399 6 6 034 354 138 771 644 224
73 4 8 041 122 069 387 198 329 5 7 028 114 063 51.1 180 395 6 8 0536 295 1.31 514 562 256
80 4 7 036 104 053 455 223 368 5 5 041 275 1.00 881 326 315 9 11 038 245 1.06 581 568 264
81 5 7 029 080 051 403 115 337 5 9 02 10! 0.49 424 143 338 9 13 030 142 084 387 419 282
8 4 14 020 126 045 652 196 348 6 12 024 136 079 41.9 364 30.7 9 12 022 151 069 578 478 289
9 4 6 020 192 082 671 31.7 315 6 8 033 293 1.02 824 47.7 315 9 10 035 200 116 504 345 257
91 3 5 0.22 061 038 467 204 344 6 7 031 344 101 1008 414 294 8 8 027 1949 075 714 488 3I.1
Southern Slope 200-2,000 m
8 4 4 032 072 039 270 223 350 2 2 034 094 064 469 367 333 4 082 102 090 82 249 337
17 4 4 028 036 042 280 125 373 2 2 035 039 037 54 95 431 4 095 129 093 231 235 322
18 1 1 034 034 034 5.9 595 1 1 075 075 075 16.0 49.3
3 5 7 014 087 046 529 103 352 4 3 022 140 062 657 319 319 6 8 021 1.96 086 3545 306 31.7
3 1 1 038 038 038 21.1 4153
46 4 6 023 113 0534 332 239 327 4 3> 032 080 051 334 216 393 5 5 031 077 054 336 17.7 348
48 3 3 034 044 040 108 150 429 2 3 028 056 045 271 141 366
61 4 7 0.12 08 040 600 75 374 3 7 017 059 035 476 11.8 374 5 6 038 088 060 259 179 327
62 1 1 019 019 019 5.3 53.7 1 1 042 042 042 19.1 408
63 2 2 012 034 023 478 44 439 1 1 042 042 042 14.3 417
64 5 6 02 054 04! 282 53 388 4 4 042 0537 047 127 106 453 6 6 031 216 099 61.2 378 245
GB Central Shoals 35-35 m
123 4 7 091 173 139 222 452 294 4 6 171 340 261 269 656 241 9 10 120 988 346 680 77.0 217
147 7 11 074 308 184 488 366 28.1 4 9 105 554 304 426 615 245 9 11 078 327 300 445 647 273
148 4 5 063 282 174 470 312 266 4 5 181 454 316 313 336 2350 9 9 1533 388 388 359 701 24.2
156 2 2 077 211 1.44 465 309 379 1 2 083 131 1.07 224 305 318 2 2 100 201 130 336 708 253
GB Northern Shoals 30-40 m
124 4 5 082 249 144 482 481 2938 4 6 153 38 284 312 626 220 9 9 039 526 218 615 386 246
146 3 4 078 226 135 446 494 302 4 4 194 333 271 214 3594 239 9 9 099 339 183 427 577 29.0
160 2 3 177 242 205 132 393 285 3 3 240 385 295 218 649 20.1 § 8 033 220 134 476 302 272
GB Western Outer Shoals 30-60 m
120 3 4 049 122 092 290 493 343 5 6 060 219 151 419 523 281 7 8 075 334 198 420 658 2938
121 4 5 023 257 121 636 471 233 4 4 125 275 315 615 237 8 9 050 372 170 512 662 277
GB Eastern Outer Shoals 60-80 m
157 3 3 08 236 143 539 332 274 3 3 06> 208 41 416 60.3 230 8 10 069 478 1.70 665 729 283
138 3 3 108 130 125 144 421 302 3 3 124 133 1.29 29 340 279 7 7 017 180 077 633 549 325
139 5 8 107 27% 180 332 386 26.0 3 5 119 215 1.73 181 303 264 712 039 160 082 468 459 298
GB Great South Channel 60-100 m
92 2 3 048 094 077 266 304 288 1 1 1.06 106 1.06 20.8 44.2
1Y 3 5 049 235 127 3533 300 299 5 9 054 135 093 376 291 322 8 9 046 246 103 538 404 303
112 4 6 035 173 108 421 495 27.1 4 8 033 18 1.09 389 371 319 8 8 047 169 101 396 451 318
113 3 5 047 073 060 139 442 327 6 9 041 2186 1.09 549 427 301 9 9 0531 287 127 604 328 279
122 4 6 024 1538 092 496 383 333 4 4 030 205 111 514 384 279 8 9 024 134 088 374 452 318
GB Southern Flank 60-200 m
114 5 11 031 169 070 399 331 305 6 12 025 287 1.00 81.2 379 281 8 8 029 201 080 650 51.8 29.2
117 4 7 027 063 042 290 297 36.2 5 7 027 120 066 529 3807 348 8 9 0532 227 110 548 529 313
119 6 11 025 121 0538 492 246 33.1 6 13 022 160 064 51.0 281 328 8 9 045 077 062 183 391 326
149 5 10 035 2.36 1.29 41.0 434 258 6 10 037 213 095 498 347 306 9 11 078 3.27 1.77 30.1 69.3 28.1
150 5 16 014 128 058 371 352 301 5 13 033 196 086 437 214 318 9 10 017 092 061 333 429 344
133 3 4 034 115 061 315 443 314 4 4 042 162 08 36.2 478 321 8 8 02 114 060 399 398 323
1355 2 2 072 090 081 111 278 336 5 5 040 227 1.06 60.3 5373 29.8 7 8 022 13 076 445 361 350
GB Northeast Peak 80-200 m
177 2 2 008 075 04 807 36.1 3853 3 3 072 110 088 185 43.0 381 8§ 8 036 105 066 381 386 340
178 1 1 016 016 0.16 313 50.0 3 3 057 087 077 184 355 379 8 8 0.13 086 049 41.3 347 327
179 1 1 030 030 030 6.7 46.4 3 3 036 0538 047 190 275 363 7 7 030 069 044 298 171 387
191 2 3 040 078 035 296 102 344 3 4 02 073 031 338 250 311 2 2 030 069 0530 394 131 317
192 1 1 037 037 057 3.5 44.7 1 1 072 072 072 1.4 327 2 2 034 066 060 100 58 388
Northern Slope 200-2,000 m
82 3 5 0.18 049 032 382 81 396 6 7 028 06l 046 274 149 403 8 9 027 147 075 544 411 285
8 3 7 017 039 028 233 96 414 4 3 029 068 046 287 138 36. 4 6 033 062 046 250 366 355
84 1 2 019 038 028 333 175 477 2 2 036 043 040 89 203 432 1 1 029 0290 029 103 42,0
115 3 6 011 045 036 328 79 402 6 12 013 069 041 424 94 380 8 10 019 112 068 432 264 320
116 3 3 028 043 036 172 178 402 3 7 022 056 039 276 48 428 2 3 010 031 022 401 60 46.0
118 4 8 016 0533 038 300 276 336 6 10 006 066 035 529 128 384 8 9 038 117 068 363 407 327
151 3 15 010 101 042 343 60 311 6 10 016 147 032 657 256 358 9 11 022 069 048 349 193 359
152 3 7 014 082 035 3594 37 302 3 4 021 075 041 497 199 366
154 4 25 009 070 045 330 3.1 328 4 6 02 062 048 2535 182 333 8 9 032 074 0536 207 304 348
180 1 1 004 004 004 23.0 356 1 2 028 040 034 176 59 424
193 2 3 042 0532 046 94 87 370 2 2 049 108 079 376 76 349
GB Nantuckel Shoals 37 m
9% 3 6 035 190 119 452 331 296 6 8 07 349 206 480 355 307 6 6 031 379 222 498 374 277
GOM Western 60-100 m
9 3 3 . 086 063 328 112 338 5 5 014 239 1.09 746 97 339 7 8 049 180 103 447 273 313
95 4 4 029 121 072 325 333 374 5 8 029 2860 1.20 587 172 263 6 8 002 165 089 547 453 259
97 4 3 064 147 087 356 234 391 4 6 104 270 150 384 196 21.9 7 9 001 346 203 51.2 603 21.3
98 4 6 029 217 098 395 108 398 4 6 033 388 148 806 151 249 7 8 002 221 110 611 302 2.7
99 4 5 032 346 1.24 943 208 33.1 4 6 029 326 1.24 843 108 283 7 8 031 345 142 658 392 248
18 1 1 065 065 065 3.1 35.0 3 4 029 18 094 603 194 298 5 5 062 147 086 368 498 260

continued on next page




O’Reilly & Zetlin: Seasonal, Horizontal, and Vertical Distribution of Phytoplankton Chlorophyll a 119

Table C3 (continued)

January-February March-April May-June
Min. Max. Mean CVJ3 Min.  Max. Mean CV. Min, Max. Mean CV.
Y' P! Chla Chla Chla Chla Net! Pha’ Y P Chle Chla Chie Chla Net. Pha Y P Chlg Chle Chla Chla Net. Pha
Tile # # gl opgtt ot % % % 4 gt opgit o opgl % % % # # gt opgt' opgl % % %
GOM Northern 80-200 m
101 5 5 040 419 147 971 750 136 1 1 023 023 023 174 531 6 6 040 143 079 462 108 348
102 5 5 051 325 130 797 759 17.2 1 1 054 054 054 426 365 5 5 026 405 145 921 663 352
103 3 3 053 362 184 711 835 132 1 1 024 024 024 333 383 5 6 052 387 139 825 250 268
104 5 5 037 247 112 764 726 183 6 7 021 29 165 516 643 342
183 5 6 021 314 093 1092 668 184 5 6 0538 153 101 345 422 339
105 4 5 016 130 057 716 465 23.0 1 1 028 028 028 214 49.1 7 8 029 098 063 381 130 329
131 4 4 040 068 055 233 186 311 1 1 018 018 018 16.7 51.4 6 7 030 125 074 437 188 302
135 4 4 021 057 041 315 165 305 1 1 034 034 034 412 414 7 8 018 414 160 852 57.7 283
13 5 5 020 114 0534 616 41.6 24.0 1 1 024 024 024 333 433 5 6 048 202 124 433 468 308
137 4 4 034 0533 041 179 261 304 6 7 0530 445 191 687 586 280
138 3 3 041 416 1.69 103.0 8.1 155 6 7 012 5388 226 950 75.7 236
GOM Wilkinson Basin 100-250 m
96 5 5 040 285 094 1017 604 21.7 4 5 028 6.16 1.83 119.1 718 207 7 8 02 092 065 341 5.6 337
100 5 6 042 115 070 455 519 240 1 1 02 02 026 154 49.0 6 6 024 123 066 563 101 339
106 4 4 020 117 0.66 511 454 251 1 1 022 022 022 9.1 511 7 9 023 228 087 664 266 304
107 3 3 046 126 074 503 407 246 4 5 023 1.01- 074 398 478 288 7 8 019 112 066 443 188 306
108 3 3 045 117 070 475 352 271 4 5 019 128 070 328 383 293 8 9 034 112 076 384 212 314
109 4 4 033 117 061 342 329 330 4 6 021 136 079 424 497 281 7 8 014 300 145 962 296 241
110 2 2 030 039 034 130 101 36.7 35 6 018 3533 1.46 746 663 215 8 9 018 214 1.07 320 122 319
125 3 3 021 048 038 320 11.3 385 6 9 025 222 1.04 63.7 481 257 8 9 015 179 084 591 178 318
126 4 4 046 115 066 434 354 299 4 7 016 122 067 520 331 286 6 7 038 301 137 1115 489 26.0
127 3 3 046 100 0.65 387 237 279 4 3 018 115 065 481 391 309 8 9 023 249 121 636 221 26.7
1286 2 2 031 08 068 250 39.0 269 4 5 013 088 062 458 379 296 5 6 058 434 165 865 364 254
129 3 3 036 164 081 731 529 237 4 3 022 084 0538 359 319 319 7 8 022 206 090 396 235 308
GOM Georges Basin 150-250 m
130 4 4 043 062 052 124 282 29.6 1 1 026 02 026 19.2  30.0 6 7 017 209 084 666 325 288
143 5 5 0.19 049 035 334 144 365 7 8 037 141 083 412 102 33.1
144 5 5 024 110 035 529 266 313 7 8 03 178 082 548 105 311
145 4 5 030 143 064 63.7 450 257 2 3% 050 087 067 228 194 295 § 9 036 142 078 415 226 315
161 3 3 040 049 046 88 58 354 4 4 106 469 286 475 344 188 7 7 070 224 107 492 11.2 26.1
162 2 2 033 0533 033 00 537 329 1 1 045 045 045 378 328 4 4 08 143 1.07 220 154 281
163 3 3 032 062 042 329 35 342 1 1 066 066 066 636 275 5 5 047 149 1.00 397 24 301
174 4 4 027 041 035 148 121 3850 1 1 043 043 043 442 348 6 7 069 203 109 388 351 287
175 53 5 024 102 031 522 261 327 2 2 044 111 0.78 43.2 458 292 6 7 050 086 064 186 65 320
176 4 4 048 0.88 0.60 268 224 325 3 %3 037 150 1.07 858 343 207 3 5 052 29 129 69.0 442 209
GOM Jordan Basin 150-250 m '
132 4 4 039 058 0530 152 167 336 1 1 017 017 017 118 373 7 8 021 209 095 613 220 326
133 3 3 045 037 049 11.0 135 327 019 019 0.19 158 48.6 3 4 045 123 083 431 252 380
134 3 3 020 047 036 323 92 331 11 027 027 027 222 400 7 9 031 504 137 1005 475 293
142 5 6 037 064 045 202 17.0 307 7 8 032 136 086 427 260 354
167 3 3 019 051 038 361 114 333 1 1 063 063 063 36.5 300 4 4 065 226 131 453 356 284
182 4 4 24 0530 041 249 152 337 6 7 026 143 080 492 257 293
GOM Scotian Shelf 60-200 m
139 1 1 0530 050 050 8.0 398
140 4 4 014 043 026 468 257 347 6 7 030 206 1.21 521 381 267
141 4 4 013 040 030 342 252 46.6 6 6 022 097 060 380 39.7 348
164 8 3 018 047 036 356 6.5 400 1 1 043 045 0453 444 318 5 5 038 2335 126 602 283 239
165 3 3 016 048 034 393 88 393 4 4 050 311 135 771 447 234
166 2 2 039 047 043 93 128 348 1 1 049 049 049 49.0 353 5 5 047 198 117 447 133 251
168 3 3 033 045 041 138 98 379 4 4 135 173 135 88 194 262
169 2 2 032 041 036 123 137 376 3 3 044 249 152 333 279 248
170 2 2 028 038 033 152 197 389 3 3 03 170 1.00 352 320 313
181 4 5 018 08 032 499 494 484 1 1 316 316 3.6 934 190 4 4 118 197 141 230 407 305
171 4 4 020 049 036 296 229 400 5 3 043 419 156 888 470 322
190 2 2 026 044 035 257 86 435 1 1 035 0535 055 636 329 2 2 034 241 138 753 738 278
172 4 4 028 0532 038 248 111 375 1 1 029 029 029 332 341 5 7 039 376 136 786 321 232
189 2 2 028 039 034 164 6.0 407 3 3 104 167 138 188 261 238
173 4 4 019 047 035 321 157 364 1 1 032 032 032 469 373 4 5 042 1.05 071 361 7.6 323
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Table C3 (continued)

Julv=August Septemher-October November-December
M. Max.  Mean CAC Min. Max. Mes (N Min. Max.  Mean CV
Y PP Chla Chle Chla Chla Net' Pha Y P Chlw Chla Chle Chle  Net  Pha Y P Chta Chle Chla Chla Net. Pha
Tile & #  pglt pgl'  ppl: 3 “« L £ F gl pg It pgl' % % o et opglt opglt % %

GOM Northern 80-200 m

1014 1t 020 062 035 466 101 437 47 038 183 083 586 395 296 7 8 021 [.14 058 551 386 30.0
102 3 3 021 036 028 220 310 541 4 7 037 277 1. 627 209 263 7 8 039 130 0.80 36.0 47.1 286
103 3 3 02 0t Uin 425 360 4t 4 3 074 236 .12 5312 288 26.] 6 6 029 082 052 335 199 350
104 2 2 028 035 032 111 319 504 2 2 100 297 1.6 388 413 268 6 6 016 067 047 372 218 387
18 3 4 w3t 059 04> 207 289 392 3 4 037 346 166 69.8 60.1 239 4 4 027 062 048 271 284 338}
105 4 4 031 097 06d A6 162 343 3 4 047 155 0.93 ) 3 280 5 6 021 070 046 328 255 385
1313 5 019 048] 042 614 327 332 309 019 278 117 B35, 5 238 5 6 032 086 047 386 187 396
135 3 4 030 05 0 194 271 427 2 2 J19 129 1.24 30 53.2 23.0 6 7 025 073 044 341 236 352
1% 3 4 034 070 051 325 2010 386 3 3 050 313 1.82 39.0 515 184 4t 0.00 055 034 600 39 3817
137 3 3 031 062 051 280 442 526 203 089 242 116 732 527 236 79 021 077 045 396 283 349
138 3 3 091 1.73 125 279 B8R 298 2 2 116 197 1.56 239 36.6 923 7 7 03 068 050 260 374 352
GOM Wilkinson Basin 100-250 m
9% 3 % 030 060 040 345 231 373 4 6 018 221 076 91.8 162 333 6 6 029 154 072 567 348 321
100 3 3 023 1.4 0539 670 271 372 4 6 034 1.9 080 397 308 311 6 6 0.00 091 051 650 228 340
106 5 7 018 097 063 444 59 411 36 028 17 0.80 636 377 274 5 5 038 063 051 182 188 363
107 4 5 016 102 043 750 4.7 348 3 5 026 .08 0.53 316 45 368 6 7 003 174 075 692 266 313
108 4 7 006 077 051 434 56 346 3 9 024 086 05% 322 181 319 7 9 037 116 0.65 433 449 302
100 3 4 042 064 035 532 4.2 383 4 7 035 083 0.52 285 144 39.0 5 8 023 15} 068 587 288 346
110 3% 4 033 050 044 153 147 36.1 4 6 040 089 0.64 9284 194 335 9 10 0.12 190 088 487 282 290
125 6 9 065 299 121 371 983 275 4 4 08% 155 L6 222 263 297 9 10 057 153 096 306 399 288
126 4 5 015 08 048 658 88 37.0 4 6 013 085 0.37 11t 114 360 6 6 048 1.34 084 355 335 2873
127 3 4 020 047 034 308 73 130 2 2 046 NHR 057 193% 9.7 400 4 5 045 079 060 215 230 333
128 3 5 014 072 05 569 68 394 33 013 098 061 255 82 396 5 3 036 091 062 367 308 280
129 % 6 0.8 124 061 326 52 %42 36 053 1.2 178 277 109 296 6 7 040 086 064 247 248 304
GOM Georges Basin 150-250 m
130 2 3 019 068 0143 470 39X 2 2 076 1. P s 3.1 279 5 5 001 086 045 639 304 349
142 3 3 022 045 036 276 104 3 4 027 1R 076 129 176 304 3 5 018 081 050 370 98K 3351
148 3 4 018 078 039 61.7 194 3 4 014 12) 0.82 338 6.1 338 6 7 027 088 047 422 226 37])
115 4 6 008 L02 056 629 183 312 024 126 06LG 522 143 320 710 0.2t 063 055 234 200 355
st 2 % 083 130 1.0t 203 a3 3 3 073 148 111 272 IR7 296 707 0 069 04 415 256 325
162 1 1 062 062 062 20.0 2 2 028 091 0.59 529 395 312 302 000 092 042 904 452 236
165 1 1 073 073 073 12.3 2 2 079 1.00 noun o 117 131 325 4 5 000 067 039 623 139 372
174 2 2 044 062 053 170 19 3 3 032 061 047 254 121 330 6 7 008 141 058 714 179 300
175 % 3 0.3 080 052 347 26 2 2 063 078 071 91 42 296 6 7 038 088 051 328 156 345
176 1 1 004 001 004 2.0 3 3 03 22 Ly 780 B 6.3 § 8 029 066 041 239 152 403
GOM Jordan Basin 150-250
132 78 4 020 065 0.0 425 164 4583 3 4 043 0389 0.5 30.8 226 345 5 6 0.3 .19 061 540 356 321
1333 3 092 047 040 366 172 134 3 6 044 1.8 086 368 250 31.7 45 N2R 116 058 524 433 318
1343 4 019 034 028 202 132 167 2 2 045 210 1.27 647 533 248 36 000 099 046 658 324 324
12 3 4 019 075 038 596 87 .9 2 2 131 237 LR 28N 525 224 6 7 000 070 042 535 199 352
167 2 2 045 152 098 513 416 27X 4 1 030 089 057 376 322 367
182 2 2 018 043 030 410 131 350 2 2 050 103 077 346 418 343 3 5 034 1.00 058 398 282 317
GOM Scotian Shelf 60-200 m
1% 1 1 078 078 078 705 447 I I 0 A I v 1.37 745 222
1403 5 050 099 076 212 364 391 2 2 060 083 0.7) &1 392 359 77 016 090 043 493 191 326
Ml 3 5 021 089 047 479 318 9. 2 2 050 053 0.32 29 301 325 5 5 023 049 030 249 369 402
164 1 1 057 057 057 123 36.7 22 03 079 0.67 17.9 396 309 4 1 01 040 033 333 84 401
5 11 021 021 0.21 238 488 11 088 088 0.88 159 318 3 3 036 041 039 55 9.4 448
66 ) 1 877 077 077 6.5 412 11 213 218 2,13 592 9234 4 1 023 093 046 619 287 332
168 1 1 062 062 062 L8 398 2 2 075 077 076 1.3 309 283 4 4 024 071 0.39 495 9.7 394
169 1 1 009 009 009 1.1 438 2 2 109 117 1.0% 35 232 285 33 023 070 044 438 150 396
170 1 1 016 016  0.16 68.8 273 2 2 095 128 112 148 184 310 38 025 054 035 374 151 468
181 2 2 1.0% 131 1.17 120 359 350 4 4 037 105 066 379 470 635
171 L 1 040 050 050 220 46.2 11 06> 065 0.6 339 375 6 6 000 055 034 537 133 394
190 12 066 1.19 0.93 ¢86 124 389 2 2 026 055 041 338 86 434
1722 3 050 193 114 320 105 260 3 3 082 137 LI 205 274 275 7 9 000 060 033 529 101 410
18 11 L 1L 1. 1 104 226 11 093 093 0.93 s 321 3 3 040 047 042 78 79 371
173 2 2 035 1.89 112 688 6.7 268 3% 058 18] 099 586 135 208 6 6 02 0.73 029 539 182 389

"' Y: Number of years with observations.

2 P: Number of stations per two-month period.
¥ C.V.: Coefficient of variation.

* Net.: Netplankton.

L'_’ Pha.: Phaeopigment.




