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Abstract

Variability in upper ocean optical properties is often driven by changes in the particle pool. We investigated the
effects of such changes by characterizing individual particles. For particles in natural assemblages, we used a
combination of Mie theory and flow cytometry to determine diameter (D), complex refractive index (n + in’), and
optical cross-sections at 488 nm. Particles were grouped into categories of eukaryotic pico/nanophytoplankton,
Synechococcus, heterotrophic prokaryotes, detritus, and minerals to interpret variability in concurrently measured
bulk inherent optical properties (IOPs) in New England continental shelf waters during two seasons. The summed
contributions of individual particles to phytoplankton absorption and particle scattering were close to values for
these properties measured independently using bulk methods (87% and 107%, respectively). In surface waters during
both seasons, eukaryotic phytoplankton were responsible for the mgjority of both total particle absorption and total
particle scattering. Mineral particles contributed the most to backscattering (b,) in the spring, whereas in the summer
both mineral and detrital particles were important. Synechococcus and heterotrophic prokaryotes never contributed
more than 14% to 10OPs. Our findings emphasize that the measurement of nonliving particles, including detritus and
minerals, is necessary for understanding variability in b, in the ocean, an important quantity in the interpretation

of satellite ocean color.

Knowledge of particle properties is important for the in-
terpretation of variability in the inherent optical properties
(I0Ps; Table 1) of the upper ocean. Models of particle IOPs
will be the basis for improved algorithms for light attenua-
tion and for deriving properties such as chlorophyll concen-
tration from satellite ocean color. Results of previous model
simulations have shown how changes in particle type can
give significantly different 10Ps, even at the same chloro-
phyll concentration (Maobley and Stramski 1997; Stramski et
al. 2001). These simulations were based on assumptions
about the types of particles present and the distributions of
diameter (D) and complex refractive index (n + in") for each
particle group included in the model. Certain of these par-
ticle properties are difficult to measure, especially distribu-
tions of n and n’. By definition, n governs scattering at in-
terfaces and n’ is related to the absorption properties of a
particle. Inferences of average n for a particle assemblage
have been made by a variety of optical methods, in con-
junction with Mie theory (e.g., Zaneveld et al. 1974; Morel
and Bricaud 1986; Stramski and Morel 1990; Twardowski
et al. 2001), but detailed distributions of individual particle
properties (i.e., within-group variations) cannot be deter-
mined from bulk optical approaches. One approach for de-
termining distributions of particle properties for natural pop-
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ulations is through the rapid measurement of individual
particles using flow cytometry. Flow cytometry has been
used to enumerate and distinguish specific groups of parti-
cles, and advances have been made toward determining dis-
tributions of particle D, n, and n" with application to deter-
mining particle contributions to |OPs (Ackleson and Spinrad
1988; Olson et a. 1989; Perry and Porter 1989; Olson et al.
1993; Marie et a. 1997; DuRand and Olson 1998; Claustre
et a. 1999; Green et al. 2003).

Total IOPs are determined by the additive contributions
of the individual constituents that absorb and scatter light
within a water body. Bulk 10Ps have been modeled by con-
sidering typical properties of a small number of constituents,
including colored dissolved organic matter (CDOM), phy-
toplankton, detritus, and water (Mobley 1994). Recently,
Stramski et al. (2001) extended this by simulating the con-
tributions to 10Ps of 18 planktonic components (ranging in
size from viruses to microplanktonic species of 30 um in
diameter), detritus (nonliving organic particles), mineral par-
ticles, and air bubbles. To apply this type of analysis to nat-
ural assemblages, Stramski et al. concluded that an increased
effort is needed to characterize the types and concentrations
of particles suspended in seawater, using techniques such as
flow cytometry. To this end, our goa in the present study
was to apply flow cytometry to the modeling of 10Ps by
measuring and describing populations of natural particles
that are optically important.

To simplify individual particle studies, Stramski and Mob-
ley (1997) outlined two criteria for defining functional par-
ticle categories. First, the sum of studied particulate constit-
uents should account for the total bulk optical propertiesin
a water body as accurately as possible. Second, each of the
particle categories should play awell-defined ecological role
in the marine ecosystem to alow linkage between optical
studies and ecosystem models. Our emphasis in the present
work is on the first criterion, although we are also interested
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in the ecological roles of each group; further research is
clearly needed, for example, into the linkage between mi-
crobial production and the presence of detrital particles. In
the open ocean, the dominant paradigm is that phytoplankton
and their detrital products are important in determining the
absorption coefficient (a), bacteria are important contributors
to the scattering coeficient (b), and particles of less than 1
umin size, most likely detritus, determine the backscattering
coefficient (b,) (Kirk 1983; Lewis and Cullen 1991; Morel
and Ahn 1991; Stramski and Kiefer 1991). In an example
simulation of open ocean waters, Stramski et al. (2001) sug-
gested, however, that minerals and detritus were the most
important contributors to b, and that minerals were by far
the most important contributors to b,. The contribution of
viruses to IOPs is considered negligible (Stramski and Kiefer
1991; Mobley and Stramski 1997; Stramski et al. 2001).
The Coastal Mixing and Optics experiment (CMO) pre-
sented an opportunity for determining the contributions of
natural assemblages of particles to |OPs. During this exper-
iment, we intensively sampled individual particle and bulk
optical properties at a site on the New England continental
shelf during summer and spring. We showed in previous
work that particles (as opposed to CDOM) were the primary
source of temporal and vertical variability in optical prop-
erties (Sosik et a. 2001); in the present study we determine
the optical contributions of distinct particle groups. We com-
bine Mie theory and flow cytometric (FCM) measurements
to determine the particle properties and contributions to |OPs
at 488 nm of eukaryotic pico/nanophytoplankton (‘*‘ eukary-
otic phytoplankton’), Synechococcus, heterotrophic pro-
karyotes, detritus, and minerals. We then compare the
summed contribution of these particles to measured particle
IOPs, and discuss seasonal and vertical variability in 10Ps.

Methods

Bulk optical properties—Vertical profiles for water sam-
pling and measurements of optical properties were made as
part of CMO as described by Sosik et al. (2001). The CMO
site was located on the southern New England shelf, south
of Martha's Vineyard (40°30'N, 70°30'W), in a region
known as the **“Mud Patch” and with a water depth of ~70
m. Data were collected during two 3-week cruisesin the late
summer of 1996 aboard the R/V Seward Johnson (cruise
SJ9610, 17 August—7 September) and spring of 1997 aboard
the R/V Knorr (cruise KN150, 24 April-13 May). Profiles
were carried out approximately three times per day during
daylight hours at the main CMO site. IOPs were measured
in situ with absorption and attenuation meters (ac-9, Wet-
Labs) designed to measure a and beam attenuation coeffi-
cients (c) in 9 spectral bands (412, 440, 488, 510, 532, 555,
650, 676, and 715 nm). During both cruises, ac-9 meters
were mounted on a profiling package, and unfiltered and
filtered (<0.2 wm) seawater was pumped through two sep-
arate meters to determine particle absorption (a,) and atten-
uation (c,), CDOM absorption (ac,0y), and particle scatter-
ing (b, = ¢, — a,). Additionally, optical measurements (i.e.,
spectrophotometry and flow cytometry) were made aboard
ship on water samples collected from six depths throughout
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the water column using a conductivity—temperature—depth
profiler/rosette system equipped with sampling bottles. Ab-
sorption coefficients for particulate material collected on
GF/F filters (nominal pore size of 0.7 um) were determined
spectrophotometrically (using a Cary 3E dua beam ultra-
violet/visible spectrophotometer). Subsequent to the initial
optical density measurements, filters were extracted in meth-
anol and reanalyzed to determine the residual particulate ab-
sorption (a,,,; detritus + minerals) (Kishino et al. 1985); the
absorption coefficient due to methanol-extractable phyto-
plankton pigments (a,,) was estimated by difference between
the initial and postextraction measurements.

Flow cytometry—An Epics V flow cytometer (Coulter
Electronics) interfaced with a Cicero acquisition system (Cy-
tomation) was used to measure forward light scattering
(FLS, ~3-19° at 488 nm), side light scattering (SSC, ~54—
126° at 488 nm), red fluorescence from chlorophyll (CHL,
660—700 nm), orange fluorescence from phycoerythrin
(560-590 nm), green fluorescence from nucleic acid stain
(515-545 nm), and the concentration of particles. The dy-
namic range of FLS, SSC, and CHL measurements was in-
creased by splitting the optical signals and independently
detecting and amplifying them with separate photomulti-
pliers and 3-decade logarithmic amplifiers. For each prop-
erty, the relative sensitivities of the two measurements were
adjusted to overlap by one decade, and thus the potential
measurement range was expanded to five orders of magni-
tude. Particles were injected into a saline sheath flow and
illuminated by an argon ion laser beam linearly polarized
parallel to the fluid stream. The samples were delivered with
a peristaltic pump (Harvard Apparatus), and cell concentra-
tion was determined from pump flow rate and sample anal-
ysis time. Three types of reference particles were measured,
including polystyrene microspheres of various sizes (0.57—
6.2 um Y G beads; Polysciences), a silica bead of 1.58 um
(Duke Scientific), and oil suspensions (heptane, nonane, and
dodecane; Sigma Chemical). For populations of beads, arith-
metic means of FLS, SSC, and CHL were computed after
transformation of distributions to linear values. All FCM
measurements were referenced to the 2.14-um bead.

FCM measurements were made of four particle groups:
eukaryotic phytoplankton, Synechococcus, nonphytoplank-
ton, and heterotrophic prokaryotes. Phytoplankton and non-
phytoplankton of ~0.75 um to 50 um in diameter were
analyzed at sea in 538 and 344 samples in summer and
spring, respectively. In general, 4.5 ml of sample were an-
ayzed at 0.5 ml min—t. Eukaryotic phytoplankton popula
tions were discriminated from nonphytoplankton particles on
the basis of their red fluorescence, and Synechococcus cells
were discriminated on the basis of their orange fluorescence.
The nonphytoplankton group contains several types of par-
ticles, including detritus, minerals, and microheterotrophs
such as ciliates and flagellates. Selected 1-ml samples (from
midday casts) were preserved in glutaraldehyde (0.1%) and
frozen in liquid nitrogen; after the cruises, these samples
were analyzed for heterotrophic prokaryotes on a flow cy-
tometer in the laboratory (146 samples in summer and 185
in spring). Heterotrophic prokaryotes (which include both
bacteria and archaea) were enumerated by staining samples
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with anucleic acid stain (SYBR Green |, Molecular Probes),
following the protocol of Marie et al. (1997). All FCM data
were saved as two-dimensional histograms and listmodes,
which were analyzed using a modified version of *“CYTO-
WIN” software (originally written by D. Vaulot; http:/
www.sh-roscoff.fr/Phyto/cyto.html). All subsequent data
analysis was performed using the MATLAB software pack-
age (The MathWorks). FCM counts for each particle group
in a sample were large (on the order of 10*-10°), and mea-
surements of FLS, SSC, and CHL were binned to 32 loga-
rithmically spaced divisions to minimize computation time.

FCM-Mie method—A combination of FCM measure-
ments and Mie theory was used to determine individual par-
ticle properties (referred to as the ** FCM—-Mie method’; for
details see Green et a. 2003). We applied the FCM—Mie
method to the analysis of eukaryotic phytoplankton, Syne-
chococcus, heterotrophic prokaryotes, and nonphytoplankton
in each sample. As described in Green et al. (2003), to apply
Mie theory to FCM measurements, an optimization was per-
formed between theory and measurements using calibration
particles of known D, n, and n'. Two different optimizations
were used, one for phytoplankton and nonphytoplankton par-
ticles and a second for heterotrophic prokaryotes for which
FCM settings were changed to enumerate smaller particles
(Green 2002). FCM—Mie analysis was limited to particles of
less than 10 wm in diameter, because solutions are often not
unique for larger particles. As well, an FLS and SSC cor-
rection was applied to measurements for phytoplankton cells
to account for deviations of cells from the Mie theory as-
sumptions that particles are spherical and homogenous
(Green et a. 2003). Particle properties (D, n, and n’) and
optical cross-sections for absorption (o), scattering (oy,), and
backscattering (oy,) a 488 nm were determined from the
FCM—-Mie method by comparison of FCM FLS, SSC, and
CHL to values in a Mie-based lookup table. Optical cross-
sections in the lookup table were calculated directly from D,
n, and n’ according to Mie theory. In our previous work
with the FCM—Mie method (Green et al. 2003), we have
shown that particle size can be determined accurately for
cultured cells grown under both high- and low-light condi-
tions, and that derived values of n’ for phytoplankton are
correlated with intracellular chlorophyll concentration; n es-
timated from the method can be used to distinguish organic
from inorganic particles, although variability within phyto-
plankton was not well resolved.

Using FCM—Mie values of n, nonphytoplankton were sep-
arated into detrital and mineral components. Previous studies
have shown phytoplankton n to be in the range of 1.02-1.10
(Aas 1996), and mineral n in the range of 1.14-1.26 (Lide
1997) (al refractive indices will be discussed relative to sea-
water, for which n = 1.339 relative to a vacuum). On the
basis of these findings, we defined detritus (organic particles)
as nonphytoplankton with n = 1.10 and mineras (inorganic
particles or organic—inorganic complexes) as nonphytoplank-
ton with n > 1.10. The lower diameter limit for FCM mea-
surement (0.75 wm) was used for minerals. However, we
used a minimum diameter of 1.2 um for detritus, because
detrital particles smaller than this size were in a region of
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FCM measurements that was not well fit by the Mie theory
calibration.

Distributions of particle properties were determined for
each particle group. For eukaryotic phytoplankton and Sy-
nechococcus, we used the FCM—Mie method to analyze each
cell in a sample and created distributions of D, n, n’, o, o,
and o,,. For nonphytoplankton and heterotrophic prokary-
otes, absorption could not be determined directly from FCM
measurements, so we used the FCM—Mie method to create
distributions of D, n, o,, o0y, and oy, by assuming a constant
value of n'. For heterotrophic prokaryotes, n’ was assumed
to be 5 X 10~ at 488 nm on the basis of previously pub-
lished values (Morel and Ahn 1990; Stramski and Mobley
1997). For nonphytoplankton, n’ was determined by consid-
ering particles of 0.1-50 um in diameter (see below) and
selecting a value of n' that minimized differences between
the estimated total nonphytoplankton absorption, a,.,, and the
value independently determined by spectrophotometry.
Mean property values were calculated by considering all par-
ticlesin a sample. Mean daily values were calculated by first
averaging replicates from the same sample, followed by av-
eraging all samples from the same day and the same depth
bin (0-20 m, 20—40 m, or 40—-65 m).

Calculation of constituent contributions to |OPs—For
particles of 0.1-50 um in diameter, |OPs were calculated as
the sum of particles analyzed with the FCM—-Mie method
plus particles from outside the FCM—Mie range that had to
be anayzed using different methodology. For eukaryotic
phytoplankton and nonphytoplankton outside the range of
FCM measurement (i.e., <0.75 wum in diameter) and the
FCM-Mie method (i.e., particles >10 um in diameter and
detritus <1.2 um in diameter), contributions to 10Ps were
estimated as follows.

The contribution of small detritus (0.1-1.20 wm) and min-
erals (0.1-0.75 um) was determined using Mie theory and
extrapolated size distributions. The extrapolations were
made from size distributions determined separately for de-
tritus and minerals in the diameter range of the FCM-Mie
method. Size distributions were described by a Junge-type
model (or hyperbolic fit) and, as in previous work (Harris
1977; McCave 1983; Risovic 1993), a segmented fit with
two different slopes was used. For our results, we found that
two dlopes, above and below 3.5 um (referred to as the
“<3.5 and >3.5 um Junge slopes’), adequately described
the size distributions. In an effort to keep our assumptions
regarding description of these size distributions as simple as
possible, we used a single diameter value for the slope
change and 3.5 um was chosen as the midpoint in a range
of values that gave the smallest overall residuals when con-
sidering all data for detritus and minerals in both seasons.
The sensitivity of our results to this selection is addressed
below. We calculated contributions of small detritus and
minerals to IOPs from Mie theory with inputs of the size
distribution extrapolated with the <3.5 um Junge slopes, a
mean value of n from particles measured with the FCM—-Mie
method, and the nonphytoplankton n’ estimated as described
above.

The contributions of larger particles (between 10 um and
50 uwm) to 10Ps were calculated with Mie theory and em-
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Fig. 1. Comparison of particle sum and bulk (A) phytoplankton absorption, a,, (B) nonphy-
toplankton absorption, a,,,, and (C) particle scattering, b, a 488 nm for the summer and spring.
To estimate particle sum a,,,, " was assumed equal to 0.001 for all nonphytoplankton particles.
Particle sum b, is the sum of scattering by all 0.1-50-um particles, including eukaryotic phyto-
plankton, Synechococcous, heterotrophic prokaryotes, detritus, and minerals. The 1:1 line (dashed
lines) and least-squares regression between particle sum and bulk inherent optical properties (solid

lines) are shown.

pirically derived D. For both eukaryotic phytoplankton and
nonphytoplankton, D was determined from FCM FLS and
an empirical relation with Coulter Counter diameter deter-
mined in the laboratory (Green et al. 2003). For eukaryotic
phytoplankton, n’ was calculated from D and o, obtained
from an empirical relation between FCM CHL and spectro-
photometric o, for phytoplankton cultures (Green et al.
2003). For >10-um eukaryotic phytoplankton and nonphy-
toplankton, n was assumed to be the same as the mean value
determined for each group in the size range of the FCM—
Mie method. In addition, the fractions of >10-um nonphy-
toplankton present as detritus and minerals were assumed to
be the same as determined for FCM—Mie nonphytoplankton.
D, n, and n" were used as inputs to Mie theory to determine
the contributions to a, b, and b, of particles >10 um in
diameter.

We computed mean depth profiles of a, b, and b, at 488
nm for seawater constituents in the summer and spring. We
used constant values of |OPs for pure seawater (Morel 1974,
Pope and Fry 1997) and aq,, as measured with the filtered
ac-9. Total 10Ps for each particle group were computed by
summing the respective optical cross-sections for al parti-
cles in the group from a known sample volume. Mean par-
ticle IOPs were calculated in the same way as mean particle
properties (see above), except that 10-m depth bins were
used. For lack of precise information about the composition
of detrital particles, we have assumed that heterotrophic pro-
karyotes are included in our extrapolation to submicron de-
tritus. For this reason, the contributions of heterotrophic pro-
karyotes derived from analysis of postcruise stained samples
were subtracted from the initial estimates of detrital 10Ps.

We used Mie theory to evaluate the sensitivity of our |IOP
estimates to observed within-group changes in particle prop-
erties. First, we used the theory and inputs of al four ob-
served properties (concentration, D, n, and n’) to determine
our best estimates or **full model” values of IOPs. Next, we
estimated “‘limited model” 10Ps, with observed inputs for
only three properties and with the remaining property held
constant at its mean. For heterotrophic prokaryotes, detritus,
and minerals, n’ was always held constant. Additionally, the
sensitivity of detrital and mineral contributions to changes

in n could not be evaluated because a mean n was used for
much of the size distribution; the same mean n was assumed
in the sensitivity analyses for these particles.

Results and discussion

Comparison of particle sum and bulk approaches—We
compared phytoplankton absorption, a,,, estimated from the
particle sum method with spectrophotometrically determined
values of a,,. Particle sum a,, was calculated as the sum of
absorption by eukaryotic phytoplankton and Synechococcus.
In comparison to spectrophotometric a,,, particle sum a,,
was 87% of measured values, considering both seasons (Fig.
1A), and a high percentage of the variance was explained
by alinear relation (r2 = 0.86). Particle sum a,, may be a
slight underestimate because absorption by cells larger than
50 wm was not considered. Phytoplankton cells within the
range of FCM—Mie analysis (0.75-10 wm in diameter) ac-
counted for the majority of particle sum a,, in both the sum-
mer (95%) and spring (80%).

We evaluated the particle sum determination of nonphy-
toplankton absorption, a,,,, by comparing values with inde-
pendent measurements of a,,. As described above, a,, was
determined by assuming a constant n” for all nonphytoplank-
ton particles that gave the best overal agreement between
particle sum and spectrophotometric a,... In the spring, all
depths were used in the comparison. In the summer, we lim-
ited the comparison to the top 30 m, because a significantly
higher n” was needed to reproduce the spectrophotometric
a,, below the mixed layer. Focusing this analysis on surface
layer particles was not a mgjor limitation since Mie calcu-
lations showed that errors in the choice of n" for nonphy-
toplankton below 30 m had little effect on their contribution
to b. Assuming a value for n’ of 0.001 gave the best agree-
ment between particle sum and spectrophotometric a,,, for
the two seasons, but the regression was not significant (Fig.
1B). Unexplained variance in the relation between particle
sum and spectrophotometric a,, is likely caused by vari-
ability in the absorption properties of nonphytoplankton due
to their complex composition (e.g., heterotrophic organisms,
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dead cells, fecal material, or minerals). Our value for non-
phytoplankton n’ is dlightly higher than a previously pro-
posed value of 3 X 104 at 488 nm (Stramski et al. 2001,
accounting for typographical error in their equation on p.
2935, Stramski [pers. comm.]) determined from analysis of
the microphotometric data of Iturriaga and Siegel (1989) for
particles between ~9 and 27 um in diameter from the Sar-
gasso Sea. The difference between these two estimates may
reflect differences in the composition of nonphytoplankton
particles between our study site and the Sargasso Sea and
between the size ranges of particles analyzed. We used the
value of n" we determined for nonphytoplankton for Mie
calculations of b and b,. Because of the problems with es-
timating a,,, with the FCM—Mie method, spectrophotometric
values were used for 10P budgets.

We compared total scattering by all particlesto bulk (ac-9)
measurements of b,. In the summer, particle sum b, was
significantly lower than bulk b, below 30 m presumably be-
cause the particle sum method did not include nonphyto-
plankton >50 um in diameter and resuspension was active
(Agrawal and Traykovski 2001; Boss et al. 2001; Hill et al.
2001). Summer samples below 30 m were therefore not in-
cluded in this comparison with bulk b,. In situ bulk mea-
surements were collected not more than 5 h (average 1.7 h)
from the time of water sampling for FCM measurements.
Linear regression between particle sum and bulk b, gave a
slope of 1.07 (r? = 0.48), considering both seasons (Fig.
1C). Given that particles >50 um in diameter were not con-
sidered in the particle sum estimates, we expected the par-
ticle sum b, to be less than the measured bulk b,. With the
present data we cannot be sure of the absolute accuracy of
the ac-9 measurements or the particle sum b, There are po-
tential errors in both approaches. For instance, deviation of
particles from the Mie assumptions of homogenous spheres
may affect results of the particle sum approach for nonphy-
toplankton particles, as was shown for phytoplankton (Green
et a. 2003), and uncertainty in calibration and scattering
corrections can affect ac-9 data (Pegau et al. 1995). The
generally small differences between particle sum and bulk
optical properties gave us confidence in applying the particle
sum approach to interpretation of variability in IOPs for both
Seasons.

Particle properties and seasonal variability—The water
columns of the summer and spring exhibited different phys-
ical and optical properties. The water column was well strat-
ified in the summer (before the passage of Hurricane
Edouard), with depleted nutrient levels in the surface mixed
layer, a subsurface chlorophyll maximum between 20 and 30
m, and midwater column maxima in a, and b, (Sosik et al.
2001). In the spring, the water column was less stratified;
stratification increased over the 3-week sampling period,
leading to a phytoplankton increase in surface waters, an
associated decrease in nutrient levels, and increased a, and
b, (Sosik et a. 2001). In the spring, the highest values of
chlorophyll &, a,, and b, consistently occurred in the top 25
m of the water column. The relation between b and chlo-
rophyll concentration indicated that during spring and part
of the summer we sampled Case 1 water (Gordon and Morel
1983; Loisel and Morel 1998). For some of the summer
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Table 1. Notation.
IOP Inherent optical property
FCM Flow cytometric
FLS Forward angle light scattering, 488 nm, bead units
SSC Side angle light scattering, 488 nm, bead units
CHL Red chlorophyll fluorescence, 680 nm, bead units

CDOM Colored dissolved organic matter

D Diameter

n Real refractive index, relative to seawater
(n=1.339 relative to vacuum)

n’ Imaginary refractive index, relative to n of sea-
water

a Absorption coefficient, m=*

b Scattering coefficient, m—*

c Beam attenuation coefficient, m—1

b, Backscattering coefficient, m=*

a, b, c,b, Optical coefficients where x is a particular seawa-
ter constituent, e.g., a, is particulate absorption
and b, . is detrital backscattering, m—*

Oy Oy Oy Optical cross-sections, m?

b, Backscattering ratio, b,/b

period, particle scattering relative to chlorophyll was higher,
indicating Case 2 conditions.

The seasonal differences in stratification and nutrient dis-
tributions were reflected in the phytoplankton cell properties.
In surface waters (0—20 m), eukaryotic phytoplankton were
significantly more abundant in the spring (P < 0.05), where-
as Synechococcus were more abundant in the summer (P <
0.001; Table 2). Lower Synechococcus concentrations mea-
sured in the spring are consistent with observations of Wa-
terbury et a. (1986), who documented a relation between
water temperature and Synechococcus abundance in New
England coastal waters. For both eukaryotic phytoplankton
and Synechococcus, mean distributions of D, n, and n’ in
surface waters were unimodal in both seasons (Fig. 2A-F),
and distributions of n and n” were in the ranges expected for
phytoplankton, 1.01-1.10 and 0.002-0.02, respectively (Aas
1996; Stramski et al. 2001). Cells were significantly smaller
in summer surface waters (P < 0.01) and had higher values
of n (P < 0.01) than in spring, but n” was not significantly
different between seasons (Table 2). Higher values of n sug-
gest that cells had higher intracellular carbon content in sum-
mer surface waters, which may have been caused by changes
in species composition, an increase in the carbon per cell for
the same species, or rearrangements in internal structures (or
al three). Despite observed changes in n, our previous work
with laboratory cultures suggests that further work is needed
to improve measurement of and to accurately interpret
changes in n (Green et a. 2003).

Phytoplankton cell properties also varied with depth. Eu-
karyotic phytoplankton and Synechococcus decreased in
abundance with depth in both seasons (Table 2). The am-
plitude of the change was greater in the summer, consistent
with a larger change in nutrient availability with depth than
in the spring (Sosik et al. 2001). Cells increased in size with
depth in the summer, in contrast to the spring when cells
decreased in size with depth (Table 2). In the summer, high
nutrient levels below the mixed layer may have allowed larg-
er cells to grow there, while in the spring similar nutrient
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Table 2. Mean particle properties, including concentration (ml—%), D (um), n (488 nm), n’ (488 nm), <3.5 Junge slope, and >3.5 Junge
slope for different particle groups. Mean properties were computed for both seasons in the three depth ranges of 0—20 m, 20—40 m, and
40-65 m. As justified in the text, constant values of n’ were assumed for both heterotrophic prokaryotes and nonphytoplankton (both

detritus and minerals) of 5x10-4 and 1X10-3, respectively.

Summer Spring
Particle type Property 020 m 20-40 m 40-65 m 020 m 20-40 m 40-65 m

Eukaryotic phytoplankton Concentration 1.84x10*  1.44%10* 0.18x10* 2.46x10* 1.60x10*  0.532x10

D 2.05 2.26 2.28 231 2.23 2.05

n 1.066 1.073 1.073 1.059 1.064 1.067

n’ 0.0051 0.0139 0.0165 0.0057 0.0089 0.0100
Synechococcus Concentration 5.94x10* 9.14X10* 0.847x10* 0.776x10*  0.672x10*  0.515x10*

D 1.09 1.16 1.23 1.38 1.35 1.34

n 1.067 1.068 1.069 1.054 1.056 1.057

n’ 0.0022 0.0071 0.0093 0.0024 0.0033 0.0043
Heterotrophic prokaryotes Concentration 1.06x10¢  1.22X10°  0.941X10° 1.48x10¢ 1.30x10¢ 1.18x10¢

D 0.460 0.453 0.454 0.463 0.455 0.454

n 1.079 1.077 1.077 1.081 1.081 1.078
Detritus Concentration 16.1x10"  8.68x107 4.81x107 0.727x10"  0.312x107 2.04x107

<3.5 Junge slope 4.82 4.58 4.36 3.61 3.45 4.08

>3.5 Junge slope 1.93 2.24 222 2.22 225 242

n 1.064 1.064 1.067 1.070 1.072 1.072
Minerals Concentration 1.12x10" 1.28x107 0.916X107 0.866x10"  0.817x10"  0.668x107

<3.5 Junge slope 4.37 4.25 3.81 4.00 3.98 3.68

>3.5 Junge slope 1.62 161 1.67 254 2.58 252

n 1.16 1.18 1.19 1.19 1.19 1.19

levels existed throughout the water column and light level
may have had a larger effect on cell size. The presence of
larger cells at high light levels in spring surface waters is
supported by previous studies using phytoplankton cultures,
which have suggested that nutrient-replete cells are generally
larger at high light levels than at low light levels (Falkowski
et al. 1985; Sakshaug et al. 1987; Sosk et a. 1989). In
addition, species differences could have contributed to
changes in D with depth. Values of n and n’ generaly in-
creased with depth in both seasons. Lower values of n’ are
expected in surface waters since cells have less photosyn-
thetic pigment per cell under conditions of high light and
low nutrients (e.g., Mitchell and Kiefer 1988; Sosik et al.
1989; Sosik and Mitchell 1991). The fact that similar values
of n" were observed in summer and spring surface waters
may have been caused by enhanced absorption by photopro-
tective accessory pigments in the summer. As well, mean n’
for Synechococcus was lower than for eukaryotic phyto-
plankton, presumably because the phycoerythrin in coastal
Synechococcus does not absorb at 488 nm as strongly as the
accessory pigments of eukaryotic phytoplankton (Olson et
al. 1990).

Seasonal and vertical variability was observed in hetero-
trophic prokaryotic properties, primarily in concentration
and the shape of size distributions. Heterotrophic prokary-
otes in summer surface waters were significantly less abun-
dant than in spring (P < 0.005; Table 2). The highest con-
centrations of both heterotrophic prokaryotes and eukaryotic
phytoplankton occurred in spring surface waters, consistent
with a previous suggestion of alink between the abundances
of the two microbial groups (Azam et a. 1983). Previous
studies have documented decreasing bacterial concentrations
with depth, as we observed in the spring, and concentrations

similar to ours (~10° ml—*) have typically been found for
the upper ocean (Cho and Azam 1990; Koike et al. 1990;
Sieracki and Viles 1992; Noble and Fuhrman 1998; Kuipers
et al. 2000). Unimodal distributions were observed for D in
the summer and n in both seasons (Fig. 2G, H). In contrast,
bimodal size distributions were observed in the spring and
were most likely caused by the presence of different species
(Zubkov et al. 2001). Values of D and n changed little with
depth, except after increased stratification in the spring when
n was higher in surface waters.

For bacterial cells, our mean D estimates of ~0.45 um
are within the range of previous findings (Fuhrman 1981;
Lee and Fuhrman 1987; Stramski and Kiefer 1990). Our
mean n values of ~1.079 are dlightly higher than those of
Stramski and Kiefer (1990), which were between 1.042 and
1.068, but are within the range of plausible values (Aas
1996). We did observe some unexpectedly high values of n
(>1.10). This may be an indication that the FCM—Mie meth-
od underestimates D and overestimates n for heterotrophic
prokaryotes, which may require scattering corrections simi-
lar to those applied to phytoplankton to account for deviation
of cells from homogenous spheres. It is also possible that
elevated n values resulted from scattering artifacts associated
with preservation of these cells (Vaulot et al. 1989).

Nonphytoplankton particles in summer surface waters dif-
fered significantly from those in deeper waters in the sum-
mer and all depths in the spring. In both seasons, Junge
slopes for >3.5 um and <3.5 um nonphytoplankton were
within the range of values (2-5, with 3—4 typical) previously
reported for marine particle size distributions (Table 2; refs.
in Mobley [1994]). In our observations, <3.5 um Junge
slopes were aways higher than >3.5 um Junge slopes (Ta
ble 2; Fig. 2J). Although many studies have documented
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Fig. 2. Mean property distributions of D, n (488 nm), and n’ (488 nm) in summer and spring
surface waters (0—20 m) for eukaryotic phytoplankton (A—C), Synechococcus (D—F), heterotrophic
prokaryotes (G-), and nonphytoplankton (J-L). Values of n’ for heterotrophic prokaryotes (1) and
nonphytoplankton (L) were assumed constant at the values 5 X 10-* and 1 X 103, respectively. A
dashed line was drawn at 3.5 um on the nonphytoplankton size distributions (J) to indicate the
cutoff between >3.5 um and <3.5 um Junge slopes. A dashed line was also drawn at 1.10 on
nonphytoplankton n distributions (K) to mark the cutoff between detritus and minerals. Note the

change in abscissa scale in (G), (J), and (K).

lower slopes for the smallest particles in marine size distri-
butions, both higher and lower slopes have previously been
observed for small size classes (e.g., McCave 1983; Risovit
1993). Because the size distributions we report here are only
for detrital and mineral particles, and specifically do not in-
clude phytoplankton, it is difficult to compare our findings
with previous work that considered all particles. The highest
<3.5 um Junge slopes were in summer surface waters and
were responsible for our finding that nonphytoplankton were
significantly more abundant in summer surface waters, com-
pared to the spring (P < 0.001). Considering both seasons,
mean distributions of n for nonphytoplankton were peaked
around 1.065, and values of n occurred most frequently in
the range of 1.02-1.25 (Fig. 2K). Nonphytoplankton in sum-
mer surface waters, compared to the spring, had significantly
lower values of n (P < 0.001).

Differences in detrital particle concentrations were pri-

marily responsible for variability in nonphytoplankton prop-
erties. The highest Junge slopes observed for both detritus
and minerals were for small detrital particles in summer sur-
face waters (Table 2). Nonphytoplankton particles were more
abundant in summer surface waters, compared to the spring,
because detritus was significantly more abundant (P <
0.001; Fig. 3A). In contrast, minerals were not significantly
different in concentration in surface waters between summer
and spring (Fig. 3B). The percent of nonphytoplankton that
was detritus in the FCM—Mie diameter range (1.2-10 um)
generally decreased with depth in both seasons, and the dif-
ference between the mixed layer and below the mixed layer
was greater in the summer (Fig. 4A, B). Considering both
seasons, detritus had mean n in the range of 1.064-1.072,
similar to values determined for phytoplankton and hetero-
trophic prokaryotes; minerals had mean n in the range of
1.16-1.19, which is reasonable for minerals (Grim 1953;
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Fig. 3. Mean size distributions in summer and spring surface
waters (0-20 m) for (A) detritus and (B) minerals. Points in the
distributions indicated by symbols were determined from the FCM—
Mie method and correspond to 1.2-10 wm for detritus and 0.75-10
um for minerals. Below these size ranges, distributions were deter-
mined from an extrapolation of the size distribution using a Junge
fit to FCM—Mie points of <3.5 um in diameter (3.5 um isindicated
by the dashed line). The Junge fit for detritus in the summer was
the most sensitive to the choice of diameter for the slope change
(see text for details), as can be seen by comparing the extreme case
of extrapolating on the basis of observations =2 um (dotted line).

Lide 1997). Nonphytoplankton had the lowest values of nin
summer surface waters because of the higher abundance of
detritus.

Submicron detrital particles were responsible for the high-
er abundances of nonphytoplankton in the summer, and it
seems likely that these particles have seasonally dependent
sources and sinks. Submicron detrital particles were ~18
times more abundant in summer surface waters, compared
to spring, in contrast to submicron mineral particles, which
were not significantly different in abundance between the
two seasons (P < 0.001). One hypothesis for the higher
concentrations of small detritus in the late summer is that
the preceding several months of high productivity led to the
accumulation of a type of organic particle that is not readily
useable by heterotrophic prokaryotes. It has previously been
suggested that small detrital particles may be created as a
result of phytoplankton and bacterial growth, protozoan
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egestion of picofecal pellets, or viral lysis of bacteria (Koike
et a. 1990; Sieracki and Viles 1992; Nagata and Kirchman
1996; Shibata et al. 1997; Yamasaki et al. 1998). In support
of our hypothesis, microbial processes, such as bacterial
feeding, have been found to alter the structure of labile sub-
micron particles, resulting in the production of semilabile
and refractory particles that are relatively resistant to decom-
position (Nagata and Kirchman 1996; Ogawa et al. 2001).
Two previous studies have documented a seasonal depen-
dence of submicron particle concentration in which particles
accumulated in the summer and decreased in concentration
in the winter because of mixing and transport to deeper lay-
ers (Carlson et al. 1994; Williams 1995). As well, the ac-
cumulation of submicron detritus in summer surface waters
may be enhanced by a decrease in bacterial activity (i.e.,
uptake of labile submicron particles) due to ultraviolet ra-
diation (Herndl et al. 1993).

Constituent contributions to |OPs—Phytoplankton and
CDOM were the main contributors to a in surface waters
(Fig. 5A, B), with CDOM dlightly more important in the
summer, and eukaryotic phytoplankton more important in
the spring. In summer surface waters, mean contributions to
a at 488 nm were 31% by CDOM, 28% by eukaryotic phy-
toplankton, 22% by water, 10% by nonphytoplankton, 7%
by Synechococcus, and 2% by heterotrophic prokaryotes. In
spring surface waters, mean contributions to a were 39% by
eukaryotic phytoplankton, 28% by CDOM, 20% by water,
10% by nonphytoplankton, 2% by heterotrophic prokary-
otes, and 1% by Synechococcus. Absorption by heterotrophic
prokaryotes was not important in either season. The greater
importance of absorption by phytoplankton compared to that
by nonphytoplankton particles has been observed in other
coastal systems (Roesler et al. 1989; Cleveland 1995; Sosik
and Mitchell 1995). Between particle groups, values of D
and n" were more important than numerical concentration in
determining contributions to a, in both seasons. For exam-
ple, eukaryotic phytoplankton were the least abundant of all
groups but were the most important contributors to a, be-
cause of their large D and high n’ (Table 2). Moreover, het-
erotrophic prokaryotes were the least important contributors
to a, even though they were higher in abundance than eu-
karyotic phytoplankton.

All particle groups were important contributors to b in
both seasons, except for Synechococcus and detritus in the
spring (Fig. 5C, D). In summer surface waters, mean con-
tributions to b at 488 nm were 44% by eukaryotic phyto-
plankton, 17% by detritus, 14% by Synechococcus, 13% by
minerals, 11% by heterotrophic prokaryotes, and 1% by wa-
ter. In spring surface waters, mean contributions to b were
61% by eukaryotic phytoplankton, 23% by minerals, 14%
by heterotrophic prokaryotes, 2% by Synechococcus, 1% by
water, and negligible by detritus. Submicron detritus con-
tributed ~33% and 7% to total scattering by detritus (b)
in summer and spring surface waters, respectively, and sub-
micron minerals contributed ~55% to total scattering by
minerals (b,,,) in both seasons. Ratios of the optical cross-
sections, a,,/0,, were responsible for the observed differences
in particle group contributions to b, compared to a,. Notably,
heterotrophic prokaryotes were more important contributors
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Fig. 4. Percent organic composition of nonphytoplankton for the (A) summer and (B) spring.
Results are based on nonphytoplankton particles analyzed with the FCM—-Mie method in the range
of 1.2-10 um. The period of no data collection between days 245 and 247 in the summer corre-
sponds to the passage of Hurricane Edouard through the study site. Discrete sample positions are
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indicated (white dots).

to b, than to a,, because their mean o,,/0, was ~31 consid-
ering both seasons, whereas the ratio for eukaryotic phyto-
plankton and Synechococcus was ~6 (Table 3). This was a
direct result of heterotrophic prokaryotes having lower val-
ues of n" than phytoplankton, but similar values of n. Similar
to findings in the equatorial Pacific for Case 1 waters
(DuRand and Olson 1996; Claustre et al. 1999), in the pre-
sent study (which includes both Case 1 and Case 2 waters),
eukaryotic phytoplankton and nonphytoplankton were the
most important contributors to beam attenuation by particles,
c, = a, + b, with Synechococcus and heterotrophic pro-
karyotes being relatively less important optically. In simu-
lations of oligotrophic waters, Stramski and Kiefer (1991)
and Stramski et al. (2001) found that heterotrophic prokary-
otes and nonphytoplankton were more important contribu-
tors to b than phytoplankton. This difference occurred be-
cause we observed higher concentrations of phytoplankton
and lower ratios of both heterotrophic prokaryotes and non-
phytoplankton to phytoplankton concentrations in continen-
tal shelf waters than were assumed for the open ocean sim-
ulations.

Seasonal variahility in the particulate scattering to absorp-
tion ratio, b,:a, was caused mainly by differences in the
contributions of nonphytoplankton. Measurements of b, :a,,
which are increasingly made in ocean optical studies, may
provide information about the types of particles in the water.
Variability in thisratio is difficult to interpret, however, with-
out measurements of individual particles. For the top 10 m,
the higher b,:a, ratio we observed in summer (~13) com-
pared to spring (~8) reflects the increased contribution of
nonphytoplankton, and specifically detritus (Fig. 5E, F). Eu-
karyotic phytoplankton also contributed to high ratios in
summer surface waters because of decreased cellular ab-
sorption as a result of photoacclimation. Sosik et al. (2001)
proposed that high surface ratios of b,:a, in the summer
could not be explained solely on the basis of phytoplankton
and were more likely caused by weakly absorbing particles
such as heterotrophic prokaryotes. Heterotrophic prokary-
otes did have the highest ratios of b:a of all particle groups
with a mean value of ~33 for both seasons compared to
values of ~14 for nonphytoplankton, ~12 for Synechococ-

cus, and ~8 for eukaryotic phytoplankton. Their contribu-
tion to b was low, however, compared to nonphytoplankton
(Fig. 5C, D).

The main contributors to b, were detritus and mineralsin
the summer and minerals alone in the spring (Fig. 6A, B).
Nonphytoplankton contributed =50% to total b, in both sea-
sons. In summer surface waters, mean contributions to b,
were 33% by minerals, 31% by detritus, 25% by water, 7%
by heterotrophic prokaryotes, and 2% each by eukaryotic
phytoplankton and Synechococcus. In spring surface waters,
mean contributions to b, were 52% by minerals, 32% by
water, 13% by heterotrophic prokaryotes, 3% by eukaryotic
phytoplankton, and <1% by Synechococcus and detritus.
Submicron mineral particles contributed ~72% of backscat-
tering by minerals (b, ., in both seasons, and submicron
detritus contributed ~85% and 31% of backscattering by
detritus (b, ) in summer and spring surface waters, respec-
tively. In agreement with our findings, it has previously been
proposed that b, is mainly determined by submicron non-
phytoplankton particles and that microbes are of little im-
portance (Morel and Ahn 1991; Stramski and Kiefer 1991,
Stramski et al. 2001). In simulations of open ocean waters,
Stramski et al. (2001) found that minerals can be the most
important contributor to b,. Although we found this to be
the case in spring surface waters, detritus and minerals were
both important contributors to b, in the summer. Our results
show that seasonal variability in the concentration of detrital
particles needs to be considered in models of b, for New
England shelf waters and similar coastal regimes. Addition-
ally, submicron detritus and mineral particles played an im-
portant role in determining variability in b,, which empha-
sizes the need for better measurements of this size fraction.

High backscattering ratios (b, = b,/b or o,,/0,) were ob-
served for minerals in both seasons and for detritus in the
summer. Notably, minerals were more important contributors
to b, than to b in both seasons because of their high values
of n (Table 3). In both seasons, the mean ratio of b, in sur-
face waters was 3.6% for minerals, 1.1% for heterotrophic
prokaryotes, 0.2% for Synechococcus, and 0.07% for eu-
karyotic phytoplankton (Fig. 6C, D). The high abundance of
submicron detritus in summer surface waters resulted in high
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Fig. 5. Depth profiles of constituent contributions to (A, B) ab-
sorption, (C, D) scattering, and (E, F) the ratio of constituent scat-
tering to particle absorption, b, :a,, at 488 nm in the summer and
spring. In the term b, :a,, x denotes the particle group and **total
particle”” is the sum of all particle groups. Nonphytoplankton (de-
tritus + minerals) has been plotted to emphasize the similarity with
depth of the ratio for total particles and nonphytoplankton. Note
that a subset of the legend symbols are used in each plot.
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b, for detritus (2.3%) and b, for all particles that was higher
in the summer (1.3%) than in the spring (0.9%). Considering
the particle assemblage as a whole, our range of values for
b, of 0.9-2.1% is within the range of previous measurements
of 0.3-4.4% (Petzold 1972; Twardowski et al. 2001).

Particle group contributions to |OPs exhibited variability
with depth, reflecting the degree of water column stratifica-
tion in each season (Figs. 5A-D and 6A, B). For all micro-
bial groups (eukaryotic phytoplankton, heterotrophic pro-
karyotes, and Synechococcus), profiles of a and b exhibited
subsurface maxima in the summer at ~25 m and surface
maxima in the spring. The contributions to I0Ps of microbial
groups decreased below 20—-30 m in both seasons, mainly
due to a decrease in microbial concentrations with depth
(Table 2). The contribution of eukaryotic phytoplankton to
b in the top 30 m of the water column was about sevenfold
and fourfold higher than below in the summer and spring,
respectively. Similarly, the concentrations of eukaryotic phy-
toplankton changed by about eightfold and threefold in the
summer and spring, respectively. The larger vertical change
in the concentration and contribution to 10Ps of eukaryotic
phytoplankton in the summer was associated with a higher
degree of water column stratification. In contrast to mi-
crobes, the contribution to 10Ps of minerals generaly in-
creased below 20-30 m in both seasons, and the contribution
of detritus to 10Ps was relatively constant with depth. The
increased contribution of minerals with depth was most ev-
ident in the summer and was caused by mineral particles
that were larger in size and had higher n (Table 2), indicating
the effects of sediment resuspension as previously described
(Boss et al. 2001).

An dternative to determining distributions of particle op-
tical cross-sections with the FCM—Mie method would be to
use particle concentrations determined from flow cytometry
in conjunction with average optical cross-sections of selected
species, such as those from the laboratory culture study of
Stramski et al. (2001). For the different groups of natural
particles we observed, the ranges of optical cross-sections
encompassed the corresponding values determined by
Stramski et al., but in some cases the mean values were quite
different; for example, Stramski et al.’s values for heterotro-
phic prokaryotes and Synechococcus differed from our es-
timates by factors of 0.3 to 1.6. These differences could re-
flect strain-specific differences between the organisms tested
in the laboratory and those present at our site or they could
be due to effects of different growth conditions in the lab-
oratory compared to the natural system.

Within-group variability in |OPs—We performed sensitiv-
ity analyses to evaluate which particle properties exhibited
variability that isimportant for estimating | OPs (see Methods
for details). If the observed variability in a particular prop-
erty (e.g.,, D, n, or n’ for a particle group) does not have a
large effect on an 10PR, then 10P values estimated with the
mean property (i.e., the limited model) will be well corre-
lated with and have similar amplitude to full-model |OP val-
ues, which are calculated with the observed property vari-
ability (i.e., values will fall tightly along the 1:1 lines in
Fig. 7). If the observed mean for a property is not adequate
for estimating |OP values, then there will be a bias or high
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Table 3. Mean particle optical cross-sections for absorption, o, (m?), scattering, o, (M?), and backscattering, o, (m?) at 488 nm for
each particle group. As in Table 2, mean properties were computed for both seasons in the three depth ranges of 0—20 m, 20—40 m, and

40-65 m.

Summer

Spring

Particle type Property 020 m

2040 m

40-65 m 020 m 2040 m 40-65 m

Eukaryotic phytoplankton o, 1.07x10-%
oy 9.01x102
Oy 6.58x10 15
Synechococcus o, 0.59%x10-*
oy 0.67x10-12
Oy 1.76%x10-15
Heterotrophic prokaryotes o, 1.14X10-%
oy 3.82x10~
Oy 4.27x1016
Detritus A 0.98x10-
oy 1.22x10°%
Oy 2.17x10v
Minerals A 0.70x10-%
oy 4.06x1015
Oy 1.82x10-16

2.85X10°*2
9.25X10-*2
7.20X10-%5
2.24X10° =
0.89X10~*
1.91x10-%
1.09x10-*
3.33X10~
3.79x10 ¢
1.64X10-%
1.56x10-%
2.50x10"
0.73X10 %
3.95X10°%
1.89%x10-16

2.85X10°*2
8.14X10 %
7.63Xx10-15
3.19X10 =
1.11X10-*2
2.62x10-15
1.11X10-%
3.39X10~
3.79x10 ¢
2.74X10°%
2.36X10-15
3.34x10v
3.66X10"%
8.74X107%
3.55x101¢

1.44X10-22
1.05x10-+
5.53x10-1
1.17X10-
1.16X10-%2
1.87x10-
1.15X10-%
3.83X10~+
4.45x10-1
6.09X10-*
4.21X10~+
3.12x10-1¢
0.98X10-*
0.95X10-*
2.45%10-16

1.67X10-%2
0.93x101*
5.40x10-15
1.53X10-%
1.16X10-%2
1.93x10 15
1.09X10-%
3.49X10~+
4.18x10-1
8.30X10
6.26X10-
4.39x10-1
0.95X10-*
0.70X10-*
247x101

1.32X10-%2
0.67X101
5.67Xx10-15
1.86X10-%
1.08x10-2
1.84x10-%
1.08X10-%
3.21X10+
3.77Xx10-16
0.57X10-*
0.52Xx10-*
0.56x10-1¢
244X10°
1.27X10-+
3.81x10-1¢
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Fig. 6. Depth profiles of constituent contributions to (A, B)
backscattering and (C, D) the ratio of constituent backscattering to
constituent scattering, by, : b,, at 488 nm in the summer and spring.
In the term b, : b,, x denotes the particle group and ‘‘total particle”
is the sum of al particle groups. The legend isthe same asin Fig. 5.

variance (or both) between the different IOP estimates. For
eukaryotic phytoplankton in the spring, the correlations be-
tween limited-model and full-model results indicated that
holding concentration constant had the largest effect on de-
termining a,, and b,,, diameter had some effect, and n and
n’ had little effect (Fig. 7A—H). Concentration was the major
determinant of variability in |OPs for eukaryotic phytoplank-
ton, Synechococcus, and heterotrophic prokaryotes. Diame-
ter and n' had secondary effects in determining 10P vari-
ability in eukaryotic phytoplankton and Synechococcus, and
n never had a major effect on the determination of 10Ps for
microbes. For modeling of spatial and temporal variability
in 10Ps, this analysis shows that concentration is the most
important property to resolve for microbes, given mean val-
ues of D, n, and n’. In contrast, between-group variability
(e.g., eukaryotic phytoplankton vs. minerals) is highly de-
pendent on n, n’, and D, as well as concentration. For ex-
ample, when the bulk n in spring surface waters (~1.13)
was assumed to apply for eukaryotic phytoplankton, b,
was on average 11X higher than expected values.

We analyzed the sensitivity of nonphytoplankton optical
contributions to changes in the extrapolation of the submi-
cron size distribution. As discussed in the Methods, Junge
size distributions were adequately described by two slopes,
above and below 3.5 um, but the choice of the cutoff size
is somewhat arbitrary so it is important to know how much
our estimates of total nonphytoplankton b and b, depend on
the choice. We compared other scenarios to the 3.5 um case,
including extrapolations using points in the range of 2-5 um
(outside of this range two slopes poorly described the size
distributions). We found minimal differences (=5%) in con-
tributions to b and b, when cutoffs ranging from 2 to 5 um
were compared with the 3.5 um case for detritus and min-
eras in the spring and minerals in the summer. The contri-
bution of detritus in summer surface waters, however, was
affected by changes in the extrapolated submicron size dis-
tribution. We found the most extreme difference with a cut-
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Fig. 7. Sensitivity of (A-D) eukaryotic phytoplankton absorption, a,,, and (E-H) scattering,
b.., @ 488 nm in the spring to variability in concentration, D, n (488 nm), and n’ (488 nm). Full-
model values of a,, and b,, were calculated using Mie theory and observed values for al four
properties (concentration, D, n, and n"). Limited-model values of a,, and b, were calculated using
Mie theory and observed values for three of the properties; the remaining property was held constant
at its mean observed value. The effects of variability on b, were not included because eukaryotic
phytoplankton were not important contributors to b,. The 1:1 line (dashed line) and least-squares
regression between full- and limited-model values (solid line) are shown on each plot.

off of 2 um (Fig. 3A), in which case detritus contributed
22% to b (compared to 25% with 3.5 um) and 18% to b,
(compared to 31% with 3.5 um). Even these differences,
however, do not change our overall conclusion that both de-
trital particles and minerals were important particulate con-
tributors to b, in summer surface waters, whereas minerals
alone were most important to by, in the spring.

For nonphytoplankton, we also evaluated the sensitivity
of b, to changes in concentration and the shape of the size
distribution. In both seasons, particle concentration had the
largest effect on variability in b, 4 and b, ,,, although chang-
es in the shape of the size distribution were also important
(Fig. 8A-D; spring data not shown). For modeling of vari-
ability in IOPs, our results show that variability both in con-
centration and in the shape of the size distribution must be
well characterized for detritus and minerals in the ocean. To
further emphasize this point, for mineral size distributionsin
the summer, we estimated b, values from our measured non-
phytoplankton particle concentrations but assuming a typical
Junge slope observed in the ocean of 4 (Mobley 1994). This
resulted in b, ,,, values that were on average underestimated
by 42%, and emphasizes that lack of knowledge of the shape
of the particle size distributions can lead to large uncertain-
ties.

The combined use of Mie theory and individual particle
measurements has provided an improved understanding of
the roles of different particle groups in determining 10Ps in
New England continental shelf waters. Eukaryotic phyto-
plankton were the most important particle contributors to
both a and b in surface waters during both seasons. Vari-

ability in cell properties, including concentration, D, n, and
n’, and contributions to |OPs were associated with seasonal
differences in light and nutrient availability. Although Sy-
nechococcus and heterotrophic prokaryotes were numerical-
ly abundant and are known to play important roles in mi-
crobial ecosystems, they were not important determinants of
|OPs. Nonphytoplankton were the most important source of
b, at al depths and of both a and b below the mixed layer.

Particle budgets like the one in this study, which include
both microbes and nonphytoplankton, have previously only
been attempted in simulations of open ocean waters. Stram-
ski et al. (2001) used a combination of optical and ancillary
measurements on many plankton cultures with Mie theory
and example values of expected concentrations for various
particle groups to calculate their contributions to IOPs in
oligotrophic waters. Their example simulations showed that
this approach could be a powerful research tool permitting
analysis of 10Ps. However, those simulations of a limited
number of particle composition cases could not provide gen-
eralized conclusions about the roles played by various par-
ticles in the optics of diverse marine environments. We have
built on Stramski et al.’s approach by using detailed indi-
vidual particle measurements for natural assemblages to ac-
count for seasonal and vertical variability in measured bulk
optical properties.

An improved understanding of natural variability in b, is
an important contribution of the present study. In a recent
review, Morel and Maritorena (2001) concluded that inter-
pretation of ocean color remains problematic because of in-
sufficient knowledge of the phase function and backscatter-
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Fig. 8. Sensitivity of (A, B) backscattering by minerals, by,
and (C, D) backscattering by detritus, b, 4, a 488 nm in the summer
to variability in concentration and the shape of the size distribution.
Full-model values of b, and b, ., were calculated using Mie the-
ory and observed concentrations and size distribution shapes; n and
n’ were held constant at their mean observed values. Limited-model
values of b, .;, and b, 4, were calculated using Mie theory and either
observed size distribution shapes with the mean value of particle
concentration (A, C) or the mean size distribution shape and ob-
served values of particle concentration (B, D). The 1: 1 line (dashed
line) and least-squares regression between full- and limited-model
values (solid line) are shown on each plot.

ing efficiency of oceanic particles. In New England shelf
waters, we found that b, was determined by the properties
of nonphytoplankton particles, including their size distribu-
tion and organic/inorganic content (indicated by n). Minerals
were important in determining b, at all depths in both sea-
sons. The important contribution of detritus in summer sur-
face waters was a result of their high concentrations at sub-
micron sizes. Our results suggest a seasonal model for the
contribution of nonphytoplankton in which minerals are im-
portant in determining b, throughout the year, and detritus
is important only in the summer when concentration increas-
es because of the effects of biological productivity. In the
winter, it seems likely that detritus will be a less important
contributor to b, in surface waters, because of export to deep
waters during increased mixing (Carlson et al. 1994; Wil-
liams 1995). It is clear that measurements of the size distri-
butions and optical properties of nonphytoplankton, includ-
ing separation of detrital and minera components, are
necessary to explain changes in 10Ps, especialy b,, in the
ocean.
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Further particle studies are necessary to determine how
broadly these findings apply, and for some water types new
approaches will be needed. These include waters such as
those with bloom conditions characterized by high concen-
trations of large particles (>10 um) for which Mie theory
cannot be inverted unambiguously. In genera, thereisaneed
for new particle approaches that overcome the limitations of
Mie theory, are spectrally resolved, and incorporate mea-
surements of the submicron fraction.
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