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Meridional variations of the springtime phytoplankton
community in the Sargasso Sea

by D. A. SiegeI1•2, R. Iturriaga3, R. R. Bidigare\ R. C. SmithS, H. Pak6, T. D. Dickey?,
J. Marras, and K. S. Baker9

ABSTRACT
Meridional distributions of particle, pigment, optical, chemical and physical in situ oceano-

graphic properties, as well as satellite-sensed sea-surface temperature and color imagery, are
used to investigate phytoplankton community distributions and their relation to the near-surface
water masses of the Sargasso Sea. Measurements were made during April of 1985 along a 1200
km transect on 70W (from 24N to 35N). The seasonal evolution of subtropical Mode water (18°
water) is shown to be the primary factor controlling the spatial distribution and evolution of the
phytoplankton community in the northern Sargasso Sea (31 to 35N). The springtime near-
surface restratification of recently ventilated 18°water initiated a diatom-dominated phytoplank-
ton bloom. As the bloom declined, the phytoplankton community evolved into a diverse
assemblage. The consequences of these phytoplankton successions were observed both tempo-
rally and as spatial variations along the meridional section. South of the region of 18° water
wintertime ventilation (south of 31N), phytoplankton concentrations were considerably less and
appeared to be regulated by different processes than the northern region. In particular,
influences of subtropical convergence fronts were observed. For the northern Sargasso Sea, the
wintertime ventilation of 18° water is shown to be the primary new nutrient flux into the euphotic
zone, comprising most of the expected annual new production for this region.
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1. Introduction
Distributions of open ocean biological and optical properties and their variability are

important for many oceanographic applications, including: the elucidation of primary
and secondary production, the examination of carbon fluxes to the deep sea, the
modelling of the trophic and successional dynamics of the planktonic ecosystem, and
the determination of upper ocean heat budgets. As phytoplankton cells are the primary
producers of the sea, knowledge of how the environment influences community
structure is primary to the understanding of ocean productivity. Phytoplankton
pigment concentrations also control important optical properties, such as the diffuse
attenuation coefficient (e.g., Smith and Baker, 1978a,b; Baker and Smith, 1982; Siegel
and Dickey, 1987a; Morel, 1988), making knowledge of their distribution and variabil-
ity important to optical oceanography.

Meridional distributions of bio-optical properties (defined here as those biological
parameters which influence light attenuation) and their relationships to the physical
environment can provide information concerning probable controlling mechanisms.
Mesoscale water mass variations, mixed layer turbulence, and upper layer restratifica-
tion processes all can affect nutrient availability and particle residence times within the
euphotic zone. These physical processes should have significant effects on the structure
of the phytoplankton community and hence, the observed bio-optical properties.

Bio-optical properties may be self-regulating in that the phytoplankton assemblage
can respond to and reflect variations in the local optical environment. Processes by
which this bio-optical self-regulation can occur include photoadaptation of cellular
pigment concentration (Eppley et al., 1973; Cullen, 1982; SooHoo et al., 1986; Pak et
al., 1988), chromatic adaptation of specific phytoplankton species to the amount and
quality of the in situ irradiance (Glover et al., 1986, Bidigare et al., 1989a; 1990) and
the differential growth of phytoplankton species (Platt et al., 1983; Glover et al., 1985,
1986, 1988; Iturriaga and Marra, 1988), as well as the seasonal succession of algal
groups (Hulburt, 1964; Guillard and Kilham, 1977). Grazing processes may also
modify the open ocean phytoplankton assemblage (e.g., Roman et al., 1986; lturriaga
and Mitchell, 1986; Huntley et al., 1987; Michaels and Silver, 1988).

Our goal is to examine qualitatively distributional data taken along a meridional
transect across the Sargasso Sea and to suggest the influences that the physical and
optical environments had on the observed phytoplankton assemblage. In making these
interpretations, it is assumed that the observed property variations had been produced
locally, rather than having been advected from another region along the transect. The
validity of this assumption may be examined by comparing advective time scales with
expected time scales for typical biological processes. For example, a meridional length
scale of 200 km (-2° latitude) and a mean meridional current of 5 cm S-I results in an
advective time scale of roughly 1.5 months. If the controlling processes have time scales
of a month or less, the observed variations can be assumed to be 10caHy produced.
Many of the processes considered important for pelagic ecological dynamics and
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distributions of bio-optical parameters have time scales of a month or less (e.g., Haury
et al .. 1978; Dickey, 1988). Indeed, satellite color imagery reported here indicates that
the time scale for the spring phytoplankton bloom is about 12 days. Thus, the
bio-optical distributions to be presented are likely to be the result of local forcings and
should be unaffected by advection for the meridional length (and time) scales consid-
ered.

Here, observations of meridional trends in physical and bio-optical oceanographic
parameters from the western Sargasso Sea made during the spring of 1985 are
presented. The specific goals of this study are (l) to investigate the large-scale (200 to
1200 km) spatial variations of springtime phytoplankton abundances and their relation-
ship to the physical and optical environs of the Sargasso Sea, (2) to assess possible
mechanisms affecting the abundance and composition of the phytoplankton assem-
blage and (3) to identify the role of phytoplankton populations in the absorption and
scattering of light in the upper layers. Before the distributions of parameters are
presented, a climatological context of the observations will be discussed. The reader
familiar with the oceanography of the Sargasso Sea may wish to skip past this section.

2. Characteristics of the Sargasso Sea
The Sargasso Sea is commonly defined as the subtropical gyre region of the western

North Atlantic Ocean bordered by the Gulf Stream to the north and west, by the North
Equatorial Current to the south and by regions of weak recirculation flow to the east.
One important feature of the Sargasso Sea is the 180 water mass (Worthington, 1959;
Schroeder et al., 1959). The thermohaline properties of the 180 water mass are
remarkably stable (over interannual time scales) which are thought to be maintained
primarily by intense air-sea heat and freshwater exchanges (Warren, 1972; Talley and
Raymer, 1982; Jenkins, 1982). The 180 water mass ventilates to the sea surface during
the late winter months generally north of 31N (Ebbesmeyer and Lindstrom, 1986). For
the northern Sargasso Sea, wintertime cooling creates convectively-driven mixed
layers which are often rather deep (>250 m). During the early spring, the near-surface
waters begin to restratify, essentially capping the 180 water mass. This restratification
process, in some sense, proceeds northward roughly following the seasonal heating
cycle at each meridional location. Horizontal water mass exchanges do occur between
the Sargasso Sea and its outer environs through transport via cold-core rings or by the
overflowing of Gulf Stream waters (e.g., Lai and Richardson, 1977; Corn ilion et al.,
1986). However, the water mass properties of the northern Sargasso Sea are rather
uniform because of the closed recirculation flow, strong convective modification of
near-surface waters and mixing due to mesoscale eddies.

The seasonal cycle of the 180 water ventilation has important implications for the
biological properties of the northern Sargasso Sea. Seasonal variations of primary
production, phytoplankton and pigment biomass, nutrient, dissolved oxygen, argon and
3He concentrations and deep-sea sinking material fluxes have been reported for Station
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S (32N, 65W) (Menzel and Ryther, 1960, 1961; Hulburt et al., ]960; Jenkins and
Goldman, 1985; Deuser, 1986; Jenkins, 1988; Spitzer and Jenkins, 1989). These
seasonal property variations are caused, in large part, by short-lived, springtime
phytoplankton blooms. The intensity of these blooms appears to be correlated with the
intensity of winter storms (Menzel and Ryther, 196]), suggesting that the seasonal
ventilation of 180 water (and its vertical transport of new nutrients into the euphotic
zone) may control the magnitude of primary production.

In the southern portion of the Sargasso Sea (south of -32N), the 180 water does not
ventilate to the sea surface and the surface waters are primarily of subtropical origin
(Worthington, 1976). Optical observations (primarily Secchi disk estimates) indicate
that the southern Sargasso Sea is considerably less turbid than the northern region
(Riley et al .. 1949; Simonot and LeTreut, ] 986; Lewis et al., ]988). In addition,
mesoscale features associated with the thermohaline fronts of the subtropical conver-
gence zone (from 24 to 30N at 70W) have been shown to influence both physical and
biological properties (e.g., Voorhis, 1969; Backus et al., 1969; Katz, 1969; Colton et
al.. 1975). These thermohaline fronts often have highly convoluted spatial structures
with horizontal scales of -100 km, cross-frontal widths of roughly 10 km and
decorrelation time scales of roughly a week (Leetmaa and Voorhis, 1978; Voorhis and
Bruce, ]982; R. Weller, personal communication, 1989).

The present observations were taken nearly synoptically along a meridional transect
(- 70W) through the Sargasso Sea (35 to 24N). The meridional distributions represent
a mixture of both time and space variations, in the sense that the observed meridional
variability may be caused by the sampling being made at a different portion of a similar
seasonal cycle. That is, each location along the meridional transect may have its
seasonal plankton cycles "initiated" at a different time. It is likely that this springtime
"initiation" of the planktonic ecosystem is tightly coupled to the onset of stratification
in the near-surface waters of the northern Sargasso Sea. As benign meteorological
conditions progress northward, this "initiation" time for the seasonal cycle of the
phytoplankton community should also propagate north. For the southern Sargasso Sea,
these wintertime water mass renewal events do not occur. Thus, weak seasonal
variations in the planktonic ecosystem would be observed.

3. Sampling and measurement techniques

The data presented here were collected aborad the R/V Knorr during April 4-] 5,
1985 from the sea surface to a nominal depth of 250 m. Seven stations were sampled
along this transect (Stations 4 through ]0), although not all parameters were sampled
at each station and depth. Stations 4 and ]0 were each occupied for about 4 days and
were located at the northern and southern extrema of the meridional transect. The
locations of these stations and the shiptrack are superimposed on a sea-surface
temperature (SST) satellite image (Fig. I). On the return transect, several of the
stations were reoccupied. In particular, Station 4 was reoccupied, Station 19, for 5
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Figure I. Advanced High Resolution Radiometer (AVHRR) sea surface temperature (SST)
image from April 4, 1985 (JD 94). Dark regions correspond to regions of cooler SST. The
shiptrack and station locations are also shown.

days, about 2 weeks later (see Smith et al. [1989], Marra et al. [1990] and Bidigare et
al. [1990] for details concerning the time series stations).

Vertical profiles of physical and optical parameters were acquired using expendable
bathymetric thermographs (XBT), a conductivity-temperature-depth system (CTD),
the bio-optical profiling system (BOPS), and an autonomous profiling system, the
multi-variable profiler (MVP). From the CTD and BOPS deployments, discrete bottle
samples were also taken so that nutrient, particle, pigment, and coccoid cyanobacteria
concentrations and particulate absorption spectra could be measured (see Smith et al.,
1981, 1984, 1987a, 1989; Bidigare et al.. 1987, 1989a; 1990; Pak et al.. 1988; Iturriaga
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and Marra, 1988 and Marra et af., 1990 for detailed descriptions of the methodolo-
gies). In addition, sea-surface temperature and pigment biomass satellite imagery were
used to investigate the space/time variability in the area surrounding the shipboard
observations.

XBT profiles were made from the surface to a nominal depth of 440 m with a station
spacing of 8 minutes of latitude (-15 km). Additional physical oceanographic measure-
ments were made with temperature and conductivity sensors on the CTD and BOPS
packages. The BOPS data were used to obtain vertical profiles of the diffuse attenua-
tion coefficient spectrum for downwelling irradiance (Kd(A); see Smith and Baker,
1984). Kd(A) defines the attenuation rate for solar radiation within the upper ocean.
Although KiA) is by formal definition an apparent optical property (that is, dependent
on the geometric distribution of the underwater light field), observations (Baker and
Smith, 1980; Siegel and Dickey, 1987a) have shown that KiA) is independent of the
incident irradiance distribution. Hence, KiA) may be considered a quasi-inherent
optical property enabling it to be interpreted as a property of a water parcel. Values of
the photosynthetic available radiation (PAR) were determined by integrating the
observed in situ irradiance spectra (Tyler, 1966; Siegel and Dickey, 1987b; Smith et
al., 1989). Profiles of the vertical attenuation rate for PAR (Kd(PAR)) and the
percentage of incident PAR were also calculated from the irradiance spectra.

The beam attenuation coefficient at 660 nm (c(660)) was measured with the BOPS
package using a 25 cm Sea Tech beam transmissometer (Bartz et al .. 1978). The beam
attenuation coefficient is defined as the sum of the absorption and scattering coeffi-
cients at a specific wavelength. In the open ocean, contributions to c(660) by dissolved
materials are generally negligible (Bricaud et al., 1981). Also, observed values of the
particulate absorption coefficient at 660 nm were much smaller «0.004 m-1

) than
values of the particulate beam attenuation coefficient (c(660)-cw(660)) which ranged
from 0.06 to 0.28 m-1 (where cw(660) is the pure water beam attenuation coeffi-
cient ~ 0.364 m-I; Bishop, 1986). Thus, variations in the magnitude of c(660)
represent changes in particulate scattering which, in turn, reflects the variations in the
concentration of scattering particles.

The chloropigment concentration, defined as the sum of the fluorometrically deter-
mined chlorophyll a and pheopigment concentrations (Smith and Baker, 1978a, 1985),
is used as an indicator for the total amount of solar radiation attenuating material. The
chloropigment concentration quantifies the total amount of chlorophyll a-related
pigments in both phytoplankton and detritus. In situ optical observations in the open
ocean have shown that variations in chloropigment concentrations are weB correlated
with variations in Kd(X) and KiPAR) (e.g., Smith and Baker, 1978a,b; Siegel and
Dickey, 1987a,b; Morel, 1988). In a similar manner, the total particle volume (volume
of particles with equivalent spherical diameters between 2 and 25 ~m per volume of
seawater, in units of parts per billion, ppb) is used as an indicator of the total amount of
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scattering material that will attenuate a beam of light (e.g., Kitchen et al.. 1982; Pak et
al .. 1988).

The data presented here are primarily in the form of meridional cross-sections.
These sections were objectively mapped onto contouring grid points using a least-
squares technique (Sampson, 1978). Identical mapping techniques were used for all of
the contours shown. The aspect ratio is 57 km in the horizontal direction for every 10 m
of depth.

4. Observations

a. The physical environment. An Advanced Very High Resolution Radiometer
(AVHRR) SST image for April 4, 1985 (1D 94) is shown in Figure 1; dark regions
correspond to regions of cooler SST and probable cloud locations are indicated.
Sampling locations (Stations 4 through 19) are also marked on this SST image. Along
the shiptrack from 35 to 33N there appeared to be little variation in SST with values of
roughly 19C, while near 33N an SST front was discernible. South of this front, the
SST distribution exhibited some mesoscale variations. The Gulf Stream is seen as the
broad band of warmer water (T > 24C) and it is flowing eastward along 37N.

The cold, circular signature of a Gulf Stream ring occurs near 36N 64 W in the
A VHRR image (Fig. 1), approximately 700 km ENE of Station 4. This feature was
reported as eddy A by the National Oceanic and Atmospheric Administration-
National Weather Service (NOAA-NWS) surface feature analysis (Oceanographic
Monthly Summary, April 1985). The NOAA-NWS analysis from previous months
(Jan.-Mar.) showed this eddy moving toward the west. Another feature (eddy D), near
35N 73W, was first observed on March 3, 1985 (1D 62). However, eddy D moved
southward and remained about 300 km from the transect measurements. Thus, it was
unlikely that these eddies had directly influenced the oceanographic conditions ob-
served along the meridional transect.

South of 29N, cloudy conditions prevented distinguishing surface SST features from
this AVHRR image. However, an AVHRR SST image from April 23, 1985 (1D 113)
showed meandering fronts in the region between 26 and 30N. These complicated and
convoluted frontal features are part of the subtropical convergence front (SCF;
NOAA-NWS analysis from March 29, 1985, 1D 88). The NOAA-NWS analysis
from April 23, 1985 (1D 113) also showed the SCF crossing 70W three times between
27and31N.

During February 1985, the sea-surface temperatures of the western Sargasso Sea
were at the seasonal minimum and were on the average 0.5 C cooler than the
climatological mean (Oceanographic Monthly Summary, February 1985). Further,
the monthly mean 19 C isotherm lay near 30N, along the 70W meridian. An XBT
transect made along 65W during February 1985 showed 18° water at the sea surface
near 31N (Evans et al., 1985). These data suggest that the winter of 1985 was



386

50

:§ 100

:J:
f-
0..

~ 150

200

2'0

S

Journal of Marine Research

TEMPERATURE (e)

a

50

:§ roO

:J:
f-
0..

'"0150

200

250

s

SIGMA-THETA (kg/m3)

SALIN ITY (psu)

[48,2

N

50

:§: 100

:J:
f-
0..

'"C 150

200

250

S N

Figure 2. (a) North-south XBT temperature transect. Distance between drops averages _0.130

in latitude. (b) North-south CTD salinity transect. Location of the CTD stations used are
shown by the Ll'son the lower axis. (c) North-south CTD potential density (O'e) transect.

relatively intense and that the ventilation of 180 water had occurred throughout a large
portion of the northern Sargasso Sea (north of -31 N).

The subsurface temperature field measured with the XBT system is shown in
Figure 2a. The dominant features in this distribution were the strong meridional trends
in temperature and stratification both of which increased toward the south. In the
northernmost region (33- 36N), the upper ocean was comprised of weakly stratified 180

water beneath a thin «50 m) and weakly stratified, near-surface layer. Southward,
the 180 water lay progressively deeper within the water column. The steeply descend-
ing isotherms between 31 and 33N suggest that subsurface waters may have ventilated
to the sea surface in this region. Between 24 and 27N, a large depression in the
isotherm displacements (-50 m) was found. This subsurface temperature front was
similar in location, isotherm displacement, and horizontal gradient to the subtropical
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convergence fronts observed by Voorhis and his collaborators (Voorhis, 1969; Voorhis
and Bruce, 1982).

The distribution of salinity (measured with the CTD system) is shown in Figure 2b.
Salinity values increased toward the south similar to the meridional temperature
trends. However, because of the opposite effects of temperature and salinity upon
density, the horizontal salinity gradient reduced the thermally produced, horizontal
density gradient (Voorhis and Bruce, 1982). The salinity distribution within the 180

water mass was nearly uniform with a value just greater than 36.48 psu, consistent with
the value of 36.50 psu associated with the 180 water mass (Worthington, 1959, 1976).
The highest observed salinity values were found within the surface waters at the
southern-most station (24N), consistent with the meridional trend of the climatological
net freshwater exchange and the subtropical origin of these waters (Worthington,
1976; Schmitt et al., 1989). The subtropical convergence front observed in the XBT
section may also be discerned in the salinity section, however the magnitude of the
isohaline vertical displacements was not as large. This difference was likely to have
been caused by the larger station separations for the CTD deployments compared with
the XBT drops.

The meridional trend in stratification was apparent in the potential density distribu-
tion (0"9; Fig. 2c). Isopycnals within the 180 water were nearly vertical and broadly
separated, whereas the tightly spaced isopycnals south of the SCF indicated a higher
degree of stratification. The observed value of -26.3 for the 180 water mass was similar
to the climatological mean value of 26.4 (Talley and Raymer, 1982). The SCF was
observed with a vertical isopycnal displacement of -50 m. The density front at the SCF
extended throughout the sampled water column (>250 m) and is consistent with the
suggestion that the near-surface flow at the SCF is driven by deeper mesoscale eddies
(e.g., Voorhis and Bruce, 1982). Throughout the transect, the direction of the
horizontal density gradients suggest an eastward flow (relative to 250 m) consistent
with the recirculation of the Gulf Stream system (Worthington, 1976).

Meridional variations of SST and mixed layer depth (MLD) obtained from the XBT
data are shown in Figure 3. In general, the SST increased toward the south. However,
several energetic (-2 C), small horizontal scale «50 km) SST features were observed,
particularly in the vicinity of the SCF (26-27N).

The MLD decreased from roughly 50 m at 34N to -15 m just north of the SCF (at
26N). The MLD above the 180 water mass may be overestimated because of the weak
stratification of the water column. At the SCF, the MLD increased by over 50 m, to a
maximum depth of 85 m. South of the SCF, the MLD decreased to about 25 m. The
depression of the MLD and isopycnal surfaces at the SCF (Fig. 2c) suggests that the
SCF may have been formed from a convergence of mixed layers. Considering the large
density front at the SCF, it appeared that this front may have been formed by the
convergence of southern subtropical near-surface waters.
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b. The nutrient fields. Distributions of nitrate and silicate concentrations are shown in
Figures 4a and 4b, respectively. Both distributions exhibit elevated concentrations
within the 18° water mass suggesting that this water mass may be a source of new
nutrients in the northern Sargasso Sea. Significant nitrate concentrations were ob-
served only within the near-surface 18° water mass and below 180 m south of that
region (following roughly the 19 C isotherm). Considering that nitrate concentrations
are nonconservative, the present value of 1.2-1.3 J.LM N for the 18° water is not
inconsistent with the values of 2 to 3 J.LM N observed at Station S (Menzel and Ryther,
1960) and values between 1.5 to 2.0 J.LM N (for the 26.2 U8 isopycnal; Kawase and
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Sarmiento, 1985, their Fig. 7b). Above the 180 water mass, nitrate concentrations were
undetectable because of biological uptake. South of the 180 water mass, the nitrac1ine
(defined here as the region between the 0.2 and 0.4 ILM N nitrate isopleths) was
roughly coincident with the lIB = 26.0 isopycnal surface and lay at about 180 m
southward of 30N. The meridional transect of the nitracline is also shown in Figure 10.
Unfortunately, the detailed structure of the nitrate distribution at the SCF cannot be
ascertained.

The silicate concentration distribution was roughly the same as the nitrate distribu-
tion, however there were several important differences. The lowest observed silica!e
concentrations «0.2 JJM Si) were found above the 180 water (above 40 m). These
extreme low silicate concentrations were likely to be caused by the uptake of this
nutrient by diatoms during the phytoplankton bloom observed at Station 4. The silicate
concentration within the subsurface 180 water mass was -1.0 ILM Si, which compares
well with literature values of 0.5-1.0 JJM Si (Kawase and Sarmiento, 1985). In the
vicinity of the subtropical convergence front, elevated silicate concentrations were
observed throughout the water column and were roughly the same as those observed for
the southern (subtropical) mixed layer waters. This supports the notion that the SCF
may have been formed by the subduction of subtropical near-surface waters.

c. Chloropigment and total particle distributions. The depth-latitude distribution of
the fluorometrically determined chloropigment concentration is shown in Figure 5a.
High chloropigment concentrations (> 1.8 mg m -3) were observed in the upper 50 m
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above the 18° water, consistent with the observed phytoplankton bloom. The magni-
tude of the presently observed bloom was considerably larger than those observed at
Station S by Menzel and Ryther (1960), however their observations were about
200 km south of the present site. A meridional transect of primary production
measurements made during the spring of 1959 showed significantly lower production
at Station S relative to several northern stations (Ryther and Menzel, 1960).

South of the bloom region, a subsurface chloropigment maximum extended from
-35 m at 32N to a depth of approximately 140 m at 29N. South of 29N, less
chloropigment variability was found. Between 32 and 28N, the chloropigment maxi-
mum followed the nitracline. However south of the SCF, this relationship was not
observed as the nitracline was about 30 m deeper than the chloropigment maximum.
Also, in the vicinity of the SCF, downward advection appeared to play some role in the
local distribution of the chloropigment concentration. The meridional distribution of
the depth of the maximum chloropigment concentration is shown in Figure 10.

The meridional distribution of the total particle volume concentration is shown in
Figure 5b. The total particle volume distribution appeared to be similar to the
chloropigment distribution (Fig. 5a) where the highest particle volumes were observed
within the bloom region (>250 ppb). In contrast with the chloropigment distribution,
comparatively high total particle volumes were observed in the upper 80 m between 32
and 30N. There, an indication of a subsurface particle maximum was observed, which
lay roughly 50 m above the chloropigment maximum. South of this region, a subsur-
face particle maximum was not observed. The lack of a correspondence between the
subsurface chloropigment maximum and the total particle volume distribution sug-
gests that the chloropigment maximum results from changes in the cellular pigment
concentrations, rather than changes in phytoplankton particle volume concentration
(e.g., Kiefer et al., 1976; Pak et al., 1988; Fig. 11). However, this interpretation may be
incorrect as the resistive-pulse particle counter did not sample particles smaller than
-2 J.Lm nor does it discriminate between phytoplankton and detrital particles (Section
5d; see also Iturriaga and Siegel, 1989).

d. Satellite chlorophyll distributions. Near-surface chlorophyll distributions deter-
mined from Coastal Zone Color Scanner (CZCS) images provide an overview of the
spatial and temporal phytoplankton pigment variability for the northern Sargasso Sea.
Eighteen CZCS images of the study area for the time period between March 13, 1985
(JD 72) through April 28, 1985 (JD 118) were processed using standard CZCS
algorithms (Gordon and Clark, 1981). Values of the near-surface chloropigment
concentration determined during Station 4 (0.6-0.7 mg m -3) and from a contempora-
neous CZCS image (April 5, JD 95; 0.5-0.6 mg m-3

) were consistent within the
expected 40% tolerance (Smith et al., 1987b).

A CZCS image from March 30 (JD 89; not shown) exhibited relatively high
pigment concentrations (0.3-0.6 mg m-3) over a relatively broad area (from 33 to 37N
and 68 to 74W). Lower chlorophyll values were observed between 31 and 33N and 70
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Figure 6. Temporal variations of the mean CZCS near-surface chlorophylI concentrations for
the northern Sargasso Sea (generalIy from 34 to 37N and 75 to 65W). The averaging region
varies because of the poor quality of some images (i.e., clouds, improper coverage, etc.). The
times of the Station 4 and 19 casts used in Figure 9 are also shown. The error bars represent
the 40% error (of the observed) expected in the retrieval of chlorophylI from the CZCS image
for this region (Smith et 01., 1987b).

and 74W. A CZCS image from March 28 (10 87; sampled one week prior to the
Station 4 observations) showed considerably lower chloropigment concentrations in the
vicinity of Station 4 «0.2 mg m-3; Fig. 6) indicating that a phytoplankton bloom had
commenced sometime between 1D 87 and 89.

The sequence of available CZCS images allows the temporal evolution of the large
spatial scale, near-surface pigment distribution to be addressed. The temporal varia-
tions of the mean CZCS chlorophyll concentrations for the northern Sargasso Sea are
shown in Figure 6. The bloom observed using the CZCS imagery lasted about 12 days,
based upon the CZCS chlorophyll concentrations being greater than 0.5 mg m-3.

Thus, the Station 4 observations were made during the bloom while Station 19
observations were made considerably after the near-surface manifestations of the
bloom had declined. The location and intensity of the remotely sensed bloom is
consistent with the in situ chloropigment distribution (Fig. Sa).

It should be noted that the CZCS sensor samples depth-weighted averages of the
near-surface chlorophyll distribution (typically the upper 25% of the euphotic zone;
Smith et al., 1987b). Subsurface pigment maxima, such as the one found in Figure Sa,
will not be sampled with the CZCS satellite sensor. This will act to complicate the
interpretation of the bloom's decline.

e. In situ optical property distributions. Distributions of optical properties should
reflect (at least to first order) the variations of the amount and type of particulate
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material. As first order proxies of the total amount of pigment and particle biomass,
optical property distributions should reflect the distributions of the chloropigment and
total particle volume concentrations.

As expected, the distributions of the beam attenuation coefficient at 660 nm (c(660);
Fig. 7a) and the total particle volume (Fig. 5b) were well correlated (r = 0.94;
P < 0.05), even though the measurement of total particle volume did not include
particles smaller than about 21Lm. Elevated values of c(660) were found north of 32N.
South of 30N, few significant c( 660) variations were observed. Below about 150 m, the
magnitude of the c(660) decreased to values less than 0.38 m-1 throughout the
transect.

The distribution of the diffuse attenuation coefficient at 441 nm (Ki441); Fig. 7b)
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was well correlated (r = 0.91; P < 0.05) with thechloropigment distribution (Fig. Sa)
as expected (e.g., Smith and Baker, I 978b; Siegel and Dickey, 1987a; Morel, 1988). In
particular, a subsurface Kd( 441) maximum was coincident with the chloropigment
maximum. Values of Kd(441) were greater (>0.1 m-1

) near the surface at the
northern-most station. Elsewhere, magnitudes of Ki 441) were much lower, approach-
ing values found for the clearest ocean waters (Kw(441) :;;,;0.022 m-I; Smith and Baker,
1981 ).

Isopleths of percent photosynthetic available radiation (%PAR) (Fig. 7c) showed
deeper penetration of incident PAR in the southern region (south of 30N) compared
with the northern Sargasso Sea. This general trend of increasing water clarity toward
the south is consistent with climatological trends (Riley et al., 1949; Simonot and
LeTreut, 1986; Lewis et al., 1988). The meridional trend for the depth of 1% PAR
isopleth, the euphotic zone depth (ZI%)' is also shown in Figure 10. The euphotic zone
deepened from -52 mat 35N to about 120 m at 24N.

The depth to which chloropigment concentrations can be remotely sensed using the
CZCS satellite sensor (e.g., Smith et al., 1987b) varied from 13 m at Station 4 to 30 m
at Station 10. Therefore, the subsurface chloropigment maximum, shown in Figure Sa,
would not have been sensed by the CZCS. Further, the interpretation of the bloom's
decline based upon the CZCS imagery may be biased by the sampling of only the upper
13 to 30 m of the water column.

f Indices of the phytoplankton community structure. We use the distributions of five
phytoplankton pigments (chlorophyll a, fucoxanthin, chlorophyll b, 19'-hexanoyloxy-
fucoxanthin [hereafter hex-fucoxanthin), and zeaxanthin) as chemotaxonomic source
markers for addressing the distributions of phytoplankton biomass (chlorophyll a; Fig.
8a), diatoms (fucoxanthin; Fig. 8b), "green" algae (eukaryotic chlorophytes and
prasinophytes and prokaryotic prochlorophytes; chlorophyll b; Fig. 8c), prymnesio-
phytes (hex-fucoxanthin; Fig. 8d), and cyanobacteria and prochlorophytes (zeaxanthin;
Fig. 8e) (e.g., Jeffrey, 1974, 1976; Lorenzen, 1981; Gieskes and Kraay, 1983a,b; 1986;
Guillard et al., 1985; Bidigare et al., 1987; 1990; Smith et al., 1987a; Chisholm et al.,
1988). Similarly, distributions of the abundances of coccoid cyanobacteria (Fig. 8f)
and 2, 5, and 15 /-Lm spherical diameter particles (Figs. 8g, 8h, and 8i, respectively) are
used to describe abundances of several different aspects of the phytoplankton assem-
blage. Together with the pigment markers, the particle abundance distributions can be
used to evaluate the composition of the phytoplankton community.

The chlorophyll a concentration distribution (Fig. 8a), which reflects primarily
. concentrations of living phytoplankton, is similar to the chloropigment distribution

(Fig. Sa) as expected. Higher values were observed within the bloom region of Station
4 (>800 ng 1-1) and concentrations decreased rapidly with depth. A subsurface
chlorophyll a maximum was found at 32N at a depth of 70 m which continued
southward at depths of 120-150 m. South of 30N, near-surface values of chlorophyll a
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Figure 8. Distributions of the HPLC-determined pigment concentration (ng 1-1) and particle
abundances (# ml-I): (a) chlorophyll a, (b) fucoxanthin, (c) chlorophyll b, (d) hex-fuco-
xanthin, and (e) zeaxanthin, (f) coccoid cyanobacteria abundances (cells per ml), (g) 2 SLm

diameter particles (# particles with 1.97 < D < 2.21 SLm ml-I), (h) 5 SLm diameter particles (#
particles with 4.96 < D < 5.57 SLm ml-I) and (i) 15 SLm diameter particles (# particles with
14.0<D < 15.8SLm ml-I). Locationsof the bottle samplesare indicatedwith the x's.

were much less (<100 ng 1-1). A comparison of the depths of the chlorophyll a
maximum with isopleths of %PAR (Fig. 7c) indicates that north of 30N, the chloro-
phyll a maximum tracked the 1% PAR depth (Fig. 10). South of 30N, the chlorophyll
a maximum lay relatively deeper within the water column (near the 0.3% PAR depth).
Between 32 and 28N, the chlorophyll a maximum was also observed to follow the
nitracline (Fig. 10) suggesting that the depth of the chlorophyll a maximum for this
region was regulated, at least in part, by the nutrient distribution. South of 29N, the
chlorophyll a maximum was 30 to 40 m above the depth of the nitracline.

The distribution of fucoxanthin, a pigment source marker for diatom abundances, is
shown in Figure 8b. The highest concentrations of fucoxanthin were found within the
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phytoplankton bloom at Station 4 with peak values of greater than 600 ng I -1. A
comparison of fucoxanthin to chlorophyll a ratios (ca. 0.8: 1; w:w; Fig. 9a) indicates
that diatoms comprised most (-80%) of the chlorophyll a phytoplankton biomass at
Station 4 (Abaychi and Riley, 1979). Microscopic enumeration of phytoplankton also
indicates that diatoms (primarily of the genera Rhizosolenia and Chaetoceros) were
the dominant autotroph at this site (F. Reid, 1987; personal communication). Else-
where, nearly undetectable fucoxanthin concentrations were observed.

The distribution of chlorophyll b (a source marker for eukaryotic and prokaryotic
"green" algae; Fig. 8c) was significantly different from the distributions of chloropig-
ment, chlorophyll a or fucoxanthin (Figs. Sa, 8a, and 8b, respectively). In particular,
the highest chlorophyll b concentrations were found within a subsurface maximum
south of the bloom site. North of -30oN, the depth of this subsurface chlorophyll b
maximum was coincident with the depths of the nitrac1ine and the chloropigment
maxima (Fig. 10). South of 30N, the chlorophyll b maximum lay slightly deeper than
the chloropigment maximum. The highest concentrations of chlorophyll b were
observed (> 140 ng 1-I) within the chlorophyll a maximum at 24N. There, the weight
ratio of chlorophyll b to chlorophyll a reached an observed maximum value of -0.7
indicating that "green" algae comprised a large portion of the southern Sargasso Sea
phytoplankton community. For the diatom bloom site, "green" algae were not an
important component of the bloom community as this ratio was -0.05.

The distribution of hex-fucoxanthin (a source marker for prymnesiophytes, includ-
ing coccolithophores) is shown in Figure 8d. This pigment's distribution was qualita-
tively similar to the chlorophyll b distribution, however its subsurface maximum was
displaced upward by about 20 to 30 m (near the 5% PAR depth, Fig. 7c). This suggests
that algal groups were layered according to light depths along the meridional transect.
The highest hex-fucoxanthin concentrations were found just south of the bloom site
(south of 33N). At Station 10 (24N), a subsurface maximum of hex-fucoxanthin
concentration was observed, just below the 1% PAR depth and roughly coincident with
the chlorophyll a maximum.

Zeaxanthin concentrations (Fig. 8e) are often used to indicate abundances of
coccoid cyanobacteria (e.g., Gieskes and Kraay, 1983a; Guillard et al., 1985) although
deep-living, chlorophyll b-containing prochlorophytes also possess zeaxanthin
(Chisholm et 01., 1988). The highest observed zeaxanthin concentrations occurred
within a relatively shallow, subsurface maximum that lay at a depth of 30 m at 32N
(the 10% PAR depth) and at 120 m at 24N (the 1% PAR depth). This subsurface
maximum was shallow relative to the other subsurface pigment maxima and may be
related to the relatively shallow subsurface maxima observed for coccoid cyanobacteria
abundances (e.g., Murphy and Haugen, 1985; Iturriaga and Marra, 1988) and/or to
the use of zeaxanthin as a photoprotective pigment (Gieskes and Kraay, 1986; Bidigare

et 01.. 1989b).
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Epifluorescence microscopy counts of coccoid cyanobacteria (Fig. 8f) showed their
highest abundances (>20,000 cells ml-I) in the region north of the SCF and south of
the bloom site (between 26N and 33N). The depth of the subsurface cyanobacteria
maximum lay near the 2% PAR depth throughout the transect and was slightly
shallower than the zeaxanthin maximum (Fig. 8e). Between 26N and 24N, the
maximum abundance decreased from over 12,000 cells ml-1 to approximately 4,000
cells ml-I, suggesting that the subtropical convergence front may act as a floristic
boundary (Iturriaga and Marra, 1988). Previous observations have shown that SCF's
act as boundaries for not only phytoplankton abundances, but for many species of
zooplankton and fish as well (Hulburt, 1964, 1966; Backus et al., 1969; Colton et al.,
1975). Relatively low cyanobacteria abundances were observed at the bloom site (Fig.
8f). South of 32N, cyanobacteria abundances were greater while the total particle
volume concentrations (Fig. 5b) were substantially less.

The distributions of coccoid cyanobacteria abundance and zeaxanthin concentration
were generally similar (Figs. 8e and 8f). However at 24N (south of the SCF), the
correspondence breaks down where relatively low cyanobacteria abundances and high
zeaxanthin concentrations were observed. A statistical analysis of the same bottle
samples along the transect found no significant correlation between these two measures
of the coccoid cyanobacteria abundances (r = 0.34; n = 36, p > 0.05). This result
indicates that zeaxanthin may be an inadequate chemotaxonomic source marker for
cyanobacteria abundances. It is possible that the high zeaxanthin concentrations
measured south of the SCF may reflect prochlorophyte abundances (Chisholm et al.,
1988). Also, since the reverse-phase HPLC technique employed was not capable of
separating lutein from zeaxanthin, the observed discrepancies may result from the
methodologies used. However, recent HPLCjdiode array measurements performed on
samples collected from the Sargasso Sea (34N 70W) during 1987 indicate that this
peak is dominated by zeaxanthin (R. R. Bidigare, unpublished data, 1988).

The distribution of 2 ~m diameter particles represents the abundance of picoplank-
ton sized particles (Fig. 8g). The distribution of 2 ~m particles was considerably
different from the total particle volume distribution (Fig. 5b) where a subsurface
maximum was observed throughout much of the meridional transect. Relatively high
abundances of 2 ~m particles were observed within the bloom. However, these particles
made a small contribution to the total particle volume (-17 ppb for the 2 ~m particles
vs. -250 ppb for the total particle volume). High abundances were also observed to
coincide with the cyanobacteria maximum (near 32N at 60-70m). The subsurface
maximum of 2 J.Lm particles extended from 60-70 m at 32N to 140-150 m at 24N.
North of 32N, the 2 ~m particle maximum was roughly coincident with the depth of
the nitracline (Fig. 10) and the cyanobacteria subsurface maximum (Fig. 8f). Between
30 and 28N, the depth of the subsurface maximum for 2 ~m particles was consistent
with the depth of the hex-fucoxanthin maximum (Fig. 8d) and lay at the 0.3% PAR
depth. South of 26N, the depth of the 2 ~m particle maximum followed the chlorophyll
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b maximum (Fig. 8c). These observations suggest that the 2 /-Lm particle maximum was
comprised primarily of coccoid cyanobacteria between 32 and 30N, prymnesiophytes
between 30 and 28N, and "green" algae south of 26N.

The meridional distribution of 5 /-Lm particles is shown in Figure 8h. This distribu-
tion, which represents the abundance of small nanoplankton sized particles, appeared
similar to the distribution of the total particle volume (Fig. 5b). Generally, high
abundances of 5 /-Lm particles were observed north of 30N, not just within the bloom
region. This was consistent with the relatively high abundances of total particle
volumes observed for this region. Similar 5 /-Lm particle abundances were measured in
the upper layers of the two northernmost stations (north of 32N), although total
particle volumes were higher at the northernmost station. Presumably these differences
were caused by a greater contribution from larger sized particles at the bloom site. It
also appeared that particles with equivalent diameters of about 5 /-Lm made dominant
contributions to the qualitative patterns of the total particle volume (Fig. 5b) and
c(660) distributions (Fig. 7a).

The distribution of 15 /-Lm particles (Fig. 8i) exhibited its highest abundances within
the diatom bloom at the northernmost station. The fact that the total particle volume
distribution showed its highest concentrations within the diatom bloom indicates that
the bloom was dominated by relatively large (D > 15 /-Lm) particles. The major
difference between the 5 and 15 /-Lm particle distributions was that high abundances of
5 /-Lm particles were observed at 31 and 32N whereas relatively few of the larger
particles were found. In addition, a significant subsurface maximum in the 15 /-Lm

particle abundance was observed between 31 and 32N at a depth of about 50 m.

5. Discussion

The distributional data presented here demonstrate that meridional variations of the
phytoplankton community (and hence, bio-optical properties) were affected to a large
degree by the ambient physical and optical environment. In the following, the response
of the phytoplankton assemblage to spatial variations of the physical and optical
environs will be addressed in greater detail. Possible mechanisms controlling the
spatial structure of the phytoplankton community will be discussed, as well as the
contributions that phytoplankton populations make to light attenuation in the Sargasso
Sea.

a. 180 water ventilation, diatom blooms, new production and bio-optical properties.
It is proposed that the dominant process controlling the meridional distribution of
phytoplankton abundances and bio-optical properties in the northern Sargasso Sea
(that is, north of 33N) is the blooming of recently ventilated 18° water. Nutrient
concentrations are elevated within this water mass relative to typical wintertime
near-surface concentrations. These newly upwelled nutrients are rapidly utilized
following the springtime formation of near-surface stratification which reduces mixing
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rates, enabling phytoplankton populations to be exposed to levels of PAR adequate for
sustained photosynthetic production. The bloom community should then be dominated
by those algal species, here diatoms, that can rapidly incorporate the elevated nutrient
concentrations (e.g., Eppley et al .. 1969; Guillard and Kilham, 1977). The increase in
pigment and particle concentrations during the phytoplankton bloom then results in
increased rates of light attenuation for the upper layers. This conceptual model of the
coupling among the processes of physical water mass evolution, phytoplankton bloom-
ing (often dominated by diatoms) and decreasing optical clarity is consistent with the
historical record of the northern Sargasso Sea (e.g., Riley, 1957; Ryther and Menzel,
1960; Menzel and Ryther, 1960, 1961; Hulburt et al., 1960; Hulburt, 1964).

In the previous discussion, it has been assumed that the existence of the spring
phytoplankton bloom was made possible by ventilation of 180 water and its transport of
new nutrients into the euphotic zone. Hence, the elevated production due to the new
nutrients must be new production (e.g., Eppley and Peterson, 1979). Recent estimates
of new production have been made by examining the seasonal variations of dissolved
oxygen, 3He and argon concentrations at Station S (Jenkins and Goldman, 1985;
Jenkins, 1988; Musgrave et al., 1988; Spitzer and Jenkins, 1989). The magnitude of
these new production estimates range from 30 to 50 gC m -2 y-l and are about an order
of magnitude greater than the new production that can be estimated using the Station
S net annual production measurements (Menzel and Ryther, 1961) and typical open
ocean recycling efficiencies of 80 to 90% (e.g., Eppley and Peterson, 1979; Harrison,
1980; Jenkins and Goldman, 1985).

A simple estimate of the annual new production produced by 180 water ventilation
may be made by assuming that nitrate concentrations are negligible in the upper 150 m
during the summer (Menzel and Ryther, 1960) and that nutrient uptake does not occur
prior to the spring phytoplankton bloom. The seasonal flux of nitrate into the euphotic

. zone by convective ventilation processes is estimated to be 0.38 mole N m-2 y-l (where
a characteristic nitrate concentration of 2.5 ~M N for 180 water is used). This
corresponds to an annual new production of ~30 gC m-2 y-l (using a Redfield ratio of
6.6C:N), consistent with the new production estimates made by Jenkins and his
collaborators. This value of new production is likely to be an underestimate as it is
assumed that no nutrient uptake occurs prior to the spring bloom (observations at
Station S by Dugdale and Goering [1967] showed substantial wintertime nutrient
uptake rates). Further, inputs of new nutrients into the euphotic zone from rain or
nitrogen fixation are not considered. Thus, the seasonal ventilation of 180 water is likely
to be a dominant source of new nutrients for the northern Sargasso Sea.

Our analysis suggests that convectively-driven water mass renewal processes make a
greater contribution to the vertical transport of new nutrients to the euphotic zone than
do wind-forced turbulent entrainment processes for the northern Sargasso Sea (e.g.,
Klein and Coste, 1984; Musgrave et al.. 1988). This analysis is not meant to minimize
the contribution shear-induced mixing and entrainment may make to new production
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in the summer and fall seasons (e.g., Lewis et al., 1988; Musgrave et aI., 1988).
However, these results suggest that local water mass variations can have substantial
biological implications and hence, must be taken into account. The circulation patterns
which maintain the 18° water of the Sargasso Sea are unusual compared with much of
the world ocean, although analogous Mode water regions are found throughout the
world ocean (e.g., McCartney, 1982).

b. Post-bloom phytoplankton successions in the northern Sargasso Sea. The seasonal
ventilation of 18° water has been shown to be the dominant factor affecting the
phytoplankton community structure, bio-optical properties and new production for the
northern Sargasso Sea. However, only the coupling between the springtime formation
of near-surface stratification and the spring phytoplankton bloom (here, dominated by
diatoms) has been discussed. Within the Sargasso Sea, phytoplankton blooms are
typically short lived as there is a finite amount of new nutrients available (Riley, 1957;
Hulburt, et al., 1960; Hulburt, 1964). The CZCS chlorophyll observations indicate
that the bloom described in this study lasted only about 12 days (Fig. 6). Thus, the
diatom dominated community will evolve into a community where the dominant algae
can grow efficiently at lower ambient nutrient concentrations (e.g., Guillard and
Kilham, 1977; Parsons et al., 1984).

The post-bloom succession of the phytoplankton community may be evaluated by
comparing phytoplankton parameters measured at Station 4 with those taken at
Station 19. These two stations were made 16 days apart at the same site (35N, 70W;
see also Fig. 6). Examination of pigment concentrations and microscopic cell counts,
revealed that the phytoplankton community had shifted its composition from a
diatom-dominated assemblage (Station 4) to a mixed assemblage comprised of "green"
algae (including prasinophytes; Bidigare et al., 1987; 1990), prymnesiophytes and
coccoid cyanobacteria (Station 19). In particular, near-surface fucoxanthin concentra-
tions at Station 19 (100 ng 1-I) were considerably less than those observed at Station 4
(600 ng I -I). However at Station 19, chlorophyll a concentrations remained high with
peak values greater than 500 ng 1-1 within a 50 m deep subsurface maximum. This
compositional change is better illustrated by comparing the weight ratios of fucoxan-
thin to chlorophyll a for the two stations (Fig. 9a). This ratio indicates that at Station 4,
diatoms were the dominant autotroph while at Station 19 they were a relatively minor
contributor. Significant temporal differences were also observed in the weight ratios of
chlorophyll b, hex-fucoxanthin and zeaxanthin to chlorophyll a (not shown) indicating
that these pigment groups made significantly greater contributions to the Station 19
assemblage than to the one at Station 4 (Bidigare et al., 1990). These data indicate
that the diatom-dominated bloom community had succeeded to a mixed assemblage in
the time between these two stations.

The particle abundance data may also be used to evaluate the post-bloom phytoplank-
ton successional processes. The abundance of 15 J.Lm sized particles for the Station 4
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Figure 9. Representative profiles of phytoplankton parameters from Station 4 (open circles) and
Station 19 (solid circles). Both stations were sampled at 35N 70W; Station 4 on April 5 (JD
95) and Station 19 on April 21, 1985 (JD III). (a) Fucoxanthin to chlorophyll a weight ratio.
(b) Abundance of 15 JLm particles (number per ml).

and 19 observations are shown in Figure 9b. These data (and others not shown)
indicate that the abundance of relatively large particles (;:: 10 JLm) in the upper 50 m
was higher for the diatom bloom community than in the post-bloom assemblage. These
large particles were replaced by smaller cells (5 JLm and less) as found during the
Station 19 observations which may be better able to compete for the low nutrient
resources because of their higher relative surface area (e.g., Parsons et al., 1984).

One important question is what happens to the diatom cells after the near-surface
bloom has subsided. Although higher abundances of 15 JLm particles were observed in
the upper 50 m during the bloom (Station 4) than after it (Station 19; Fig. 9b), more of
these same particles were found after the bloom between 50 and 90 m. An increase was
also observed for this depth range in the fucoxanthin to chlorophyll a weight ratios
(Fig. 9a). These data suggest that diatoms had accumulated between 50 and 90 m in
the time between the two stations.

Many diatom species are capable of increasing their sinking rates in response to a
reduction in ambient nutrient concentrations (e.g., Smetacek, 1985; Granata, 1987).
This self-regulation of cell buoyancy enables them to sink to regions of higher nutrient
concentrations where they may grow more efficiently (e.g., Smetacek, 1985; Goldman,
1988). For Station 19, nitrate concentrations are undetectable above 50 m. Thus, the
present observations were consistent with this adaptive strategy. An alternative
hypothesis is that the diatoms may simply be growing efficiently at this depth (which is
near the I% PAR depth; Fig. 7c). Several other processes may also have contributed to
the removal of diatom cells from the euphotic zone, in particular the rapid sinking of
aggregated diatom floes.
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Figure 10. North/south transects of the depths of the f1uorometric chloropigment maximum
region (chlmax), the nitracline (defined as the region between the 0.2 and 0.4 j,tM N I-I
isopleths), and the depth of the euphotic zone (depth of the I% PAR isopleth [Z),.1; dark solid
line). The four specified meridional regions (regions A through D) are discussed in the text.

c. ISo water, nutrients, light. and the chloropigment maximum. We have shown that
the effects of the 180 water mass upon the phytoplankton community were most
significant where its ventilation to the sea surface had occurred. However, its effects
may be observed throughout the entire meridional section. In particular, variations in
the depth of the chloropigment maximum were controlled, at least in part, by 180 water
mass variations.

To better illustrate this relationship, the meridional transect has been partitioned
into four distinct regions (labelled A-D in Figure 10). Each is based upon the spatial
structure of the 180 water mass and its relationship to the chloropigment maximum.
Within region A (33 to 35N), 180 water was found near the sea surface and a
phytoplankton bloom was observed. Region B (between 30 and 33N) was character-
ized by weak stratification and steeply ascending isotherms (Fig. 2a). During February
1985, 180 water was observed at the sea surface within this region (Evans et al., 19855
and it is thought that a spring bloom had occurred in this region previous to our
observations. The inferred phytoplankton community structure from our observations
should represent post-bloom conditions. In region C, (30 to 25N), 180 water did not
ventilate to the sea surface during the previous winter. However, because of the close
proximity of the nitracline to the chloropigment maximum (-25 m), inputs of nutrients
from 180 water may still be important. Region D (25 to 24N) is located south of the
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SCF. There, the depth of the chloropigment maximum was separated from the
nitracline by about 65 m (Fig. 10).

In the southern portion of the transect (south of 30N, regions C and D in Fig. 10),
18° water does not penetrate into the euphotic zone (Fig. 2a). For these regions, the
observed chloropigment distribution may be regulated by a variety of processes which
may include: photoadaptation of cellular pigment concentrations, chromatic adapta-
tion by algal group, grazing, and the transport of nutrients by physical processes.
Regions C and D differ in their respective depths for the chloropigment maximum and
the nitracline (Fig. 10). For region C, the nitracline lay -25 m below the chloropig-
ment maximum. Thus, it is possible that the transport of nutrients into the euphotic
zone from the 18° water (possibly episodic in time) may have significant effects upon
the dynamics of the chloropigment maximum for this region. These physical transport
processes should be of lesser importance south of the SCF (region D), where the
nitracline and the chloropigment maximum are separated vertically by -65 m and
other (biologically mediated) processes should be of greater importance (i.e., grazing,
photoadaptation, and nutrient recycling).

The region between 30 to 33N (region B) is an important portion of the transect,
lying between the region where 18° water has recently ventilated (A) and where it has
remained beneath the euphotic zone (C; Fig. 10). During February 1985, 18° water
was found near the sea surface within this region and it is likely that the proper
conditions for a phytoplankton bloom were present. If a phytoplankton bloom occurred
within this region roughly one month prior to these observations, the composition of the
phytoplankton assemblage should be similar to that observed at Station 19. The
phytoplankton pigment groups sampled in region B and at Station 19 were similar
(primarily representing "green" algae, prymnesiophytes and cyanobacteria). Also, the
abundances and vertical structure of the total particle volume and the particle size
distributions were similar. In addition. the 15 JLm particle distribution showed a
subsurface maximum just above the nitracline within region B (Figs. 8i and 10) similar
to the Station 19 observations (Fig. 9b). These observations all suggest that analogous
successional processes had occurred at these two sites and that the difference between
regions A and B is manifest in a difference in the initiation time for the planktonic
ecosystem. The initiation time is the onset of the spring bloom which follows the
creation of near-surface stratification. As relatively benign conditions propagate
towards the north, the initiation of spring blooms should also propagate north.
Unfortunately, we are not able to test this hypothesis as CZCS coverage was poor for
most of February and March.

The boundary between regions Band C represents the southernmost extent (along
70W) where 18° water has ventilated to the sea surface. As described previously, the
ventilation of 18° water can comprise a large portion of the annual new production. It
seems reasonable that the southern extent of this 18° water ventilation is regulated by
the intensity or possibly duration of winter storms. This should be a major cause of
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Figure 11. North/south distribution of the ratio of the total particle volume to the concentration
of chlorophyll a (ml particle per mg chlorophyll a). This map was constructed by dividing the
gridded fields for the particle volume and chlorophyll a concentrations (Sampson, 1978).

interannual variability in the total areal amount of ventilated new production for the
Sargasso Sea. In addition, this should be important for observations made in the
vicinity of Bermuda (32N, 64W). At that latitude, 18° water mass ventilation may
occur depending upon the severity of the previous winter. Similarly, this may lead to
large interannual variations in new production, oxygen accumulation and sinking
fluxes of particulate materials observed at this site (e.g., Menzel and Ryther, 1961;
Jenkins and Goldman, 1985; Deuser, 1986).

d. Photoadaptation processes and phytoplankton community structure.
Photoadaptation allows phytoplankton cells to efficiently use light in a variable
irradiance environment. The scope of the term photoadaptation is broad and refers to
many physiological and biochemical responses, including: photoprotection, chromatic
adaptation, changes in photosynthetic pigment concentrations at the cellular level,
alterations in chloroplast geometry and pigment packaging.

Elucidation of light-induced responses at the cellular level is problematic because
both phytoplankton composition and detrital abundances can vary. For example, the
depth-dependent decreases of the total particle volume-to-chlorophyll a ratio observed
within the southern portion of the transect (Fig. 11) may be attributed to increases in
cellular chlorophyll concentrations with depth, or to relatively large numbers of
detrital particles in surface waters. The lack of vertical variations of the total particle
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volume to chlorophyll a ratio at the bloom site (north of 33N) suggests that either the
photoadaptation of cellular pigment concentrations is not effective at this site or that
this process is effectively masked by detrital particle concentrations. Thus, changes in
the concentration ratio of particulates to pigments provide an ambiguous measure of
the results of photoadaptation processes.

Phytoplankton pigment distributions measured at Station 4 can be used to examine
photoadaptation responses for one algal group, the golden-browns (primarily diatoms
and prymnesiophytes). Ratios of the photosynthetically active carotenoids (fucoxan-
thin and hex-fucoxanthin) to chlorophyll a were nearly constant with depth and time
(within the upper 40 m of the bloom region), suggesting the absence of a shade-adapted
golden-brown algal community at this station (Fig. 9a; Bidigare et al .. 1990). This is
also consistent with the lack of vertical variations in the total particle volume to
chlorophyll a ratio (Fig. 11).

Photoprotective processes may also be addressed using the pigment data. At Station
4, the ratio of diadinoxanthin-to-chlorophyll a varied as a function of depth and daily
irradiance where the highest ratios were found in near-surface waters on sunny days
(not shown). Similar responses have been verified in the laboratory using monospecific
cultures of chrysophytes, diatoms and dinoflagellates (Mandelli, 1972; Hooks et al..
1988). These results strongly suggest that this photosynthetically inactive carotenoid
has a photoprotective function (e.g., Haxo, 1985; Bidigare et al .• 1987).

In considering the phytoplankton community along the meridional transect as a
whole, evidence for chromatic adaptation as a function of depth and latitude was
striking (Figs. 8a-f). At any given station, the major algal groups appeared to be
distributed as overlapping layers, with diatoms and cyanobacteria being more abun-
dant closer to the surface and "green" algae and prymnesiophytes more abundant with
depth. As the depth of the euphotic zone increased from -50 m at the northernmost
station to 120 m at the southernmost, the depths of the chloropigment and chlorophyll
a maxima increased, as did the depth intervals between these major algal groups (Figs.
8a-f and 10). Similar algal distributions have been reported in the tropical Atlantic
Ocean (Gieskes and Kraay, 1986), in the northwestern Atlantic Ocean (Murphy and
Haugen, 1985), and the summertime Sargasso Sea (Glover et al .• 1988).

It appeared that the spectral distribution of downwelling irradiance controlled
several aspects of the observed algal distributions (e.g., Glover et al., 1986; Bidigare et
al.. 1990). That is, those algal groups containing photosynthetic pigments which
efficiently absorb light in the green (fucoxanthin and phycoerythrin; 500-540 nm)
were found most abundant closer to the surface where adequate green light is found to
drive photosynthesis (Figs. 8b and f) .. "Green" algae, which possess the blue-green
absorbing pigment chlorophyll b, were abundant deeper in the water column (Fig. 8c).
The apparent success of the prymnesiophytes is unclear because their pigment compo-
sition is generally similar to that of diatoms which were generally restricted to shallow
depths. Perhaps their small size in combination with their unique suite of chlorophylls
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and carotenoids (hexfucoxanthin and chlorophyll c3) allowed them to photosynthesize
efficiently at intermediate depths.

Thus, it is likely that both chromatic adaptation and photoprotective processes
affected the pigment structure of the phytoplankton community along the meridional
transect. Other photoadaptation processes, such as alterations of cellular pigment
concentrations, may also be important. However, its inference is obscured by the
presence of unknown concentrations of detrital materials. In addition, the presence of
significant nutrient concentrations at depth (Fig. 4a) will have an influence on the
subsurface pigment maxima (see Section 5c).

e. Phytoplankton community structure and optical properties. Variations of the
diffuse attenuation coefficient (Ki441) and the beam attenuation coefficient (c(660»
reflect primarily variations in the absorption and scattering properties, respectively.
High correspondences were observed between Ki441) and the chloropigment concen-
tration (Figs. 7b and Sa) and between c(660) and the total particle volume (Figs. 7a
and 5b) indicating that variations of these optical properties were well correlated with
the respective distributions of the integrated indices of pigment and particle biomass.
However, one of our primary objectives is to examine how the composition of the
phytoplankton community affects the optical properties of the Sargasso Sea. Obvi-
ously, the attenuation of light in the sea is influenced by both phytoplankton and
detrital materials. Unfortunately, the presence of unknown concentrations of detrital
materials makes the interpretation of the results of the direct statistical comparison
between the observed optical properties and phytoplankton distributions ambiguous.
Thus, the contributions of the phytoplankton assemblage to Kd( 441) and c( 660) should
be evaluated only in a qualitative sense.

The contributions of the phytoplankton community to Ki441) may be analyzed by
comparing the Ki 441) distribution (Fig. 7b) to those representing aspects of the
phytoplankton community structure (Figs. 8a-i). At the northernmost location (Sta-
tion 4), large (>10 ~m) diatoms were responsible for the high values of Ki441) (Figs.
8b, 8i and 9). South of the diatom bloom, elevated values of the diffuse attenuation
occurred primarily within a subsurface maximum coincident with the chloropigment
maximum (Figs. Sa, 7b and 10). Comparison with the observed particle and pigment
distributions showed that the Ki 441) maximum was comprised primarily of relatively
small (2 ~m) particles (Fig. 8g), which consisted of cyanobacteria (Fig. 8f) in region B,
prymnesiophytes (Fig. 8d) in region C, and in region D, "green" algae (Fig. 8c).
Elsewhere, values of Kd(441) approached values observed for the clearest natural
waters (-0.022 m -I; Smith and Baker, 1981). Thus, the phytoplankton population
made significant, identifiable contributions to the attenuation of solar radiation within
the regions where the pigment concentrations were elevated.

The contributions of particulate materials to the scattering of light can be evaluated
by comparing the distribution of the beam attenuation coefficient at 660 om (c(660);
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Fig. 7a) with the observed distributions of the particle size abundances (Figs. 8g-i). As
discussed previously, within the diatom bloom the dominant particle sizes were
comparatively large (D> 10 ~m) and their effects upon increases in c(660) were
clearly observed. With the exception of the region of previous 18° water ventilation
(region B in Fig. 10), values of c(660) were generally low and approached values
representing the clearest natural waters (-0.36 m - J; Bishop, 1986). Within region B
(Fig. 10), a mixed assemblage of predominantly 5 ~m size phytoplankton cells was
observed (Figs. 8c-h). There, values of c(660) were elevated above values found just to
the south (Fig. 7a) suggesting that the post-bloom phytoplankton community main-
tained high scattering properties from the initial bloom of large diatoms. Elsewhere,
particulate materials made relatively small contributions to c(660).

6. Summary and conclusions

Distributions of in situ oceanographic parameters and satellite sea-surface tempera-
ture and color imagery have been used to investigate the structure of the springtime
phytoplankton community and its relation to upper ocean water mass evolution of the
Sargasso Sea. Measurements were made during the spring of 1985 on a 1200 km
meridional transect (from 24N to 35N along 70W). The near-surface restratification
of recently ventilated 18° water controlled the evolution of the phytoplankton commu-
nity in the northern Sargasso Sea (31 to 35N) by initiating a phytoplankton bloom
dominated by relatively large diatoms. As the diatom bloom declined, the phytoplank-
ton community evolved into a more diverse assemblage, comprised of smaller-sized
organisms. These successional processes were observed both temporally and as distribu-
tional variations along the meridional transect. Also, the ventilation of 18° water was
shown to be the primary upwelling nutrient flux for the annual new production of the
northern Sargasso Sea. South of the region of 18° water wintertime ventilation (south
of -31 N), oligotrophic conditions were observed. The phytoplankton community for
this region was likely to be regulated by different processes than the northern Sargasso
Sea. Among the possible processes were chromatic adaptation of the phytoplankton
populations, nutrient availability and grazing. Influences of a subtropical convergence
front upon the phytoplankton distributions were also observed.

The present work demonstrates some of the roles that phytoplankton succession
plays in the evolution of the phytoplankton assemblage and the bio-optical properties in
the Sargasso Sea. The proper characterization of the springtime phytoplankton
dynamics required that the bloom and post-bloom communities be addressed as
separate entities. The detailed phytoplankton pigment and particle size abundance
data provided a rich and consistent picture of phytoplankton community variability for
the Sargasso Sea. It is hoped that these tools (along with detailed physical oceano-
graphic determinations) will be used extensively in future biological and optical
oceanographic experiments.
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