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INTRODUCTION

It is well established that marine phytoplankton
communities can vary considerably over very small
spatial (decimeter) and temporal (minutes) scales
(Cassie 1963, Haury et al. 1978, Derenbach et al.
1979, Bjørnsen & Nielsen 1991, Donaghay et al. 1992,
Cowles et al. 1998, Rines et al. 2010). In the ocean,
this structure is often observed as patches or thin lay-
ers that can contain a large proportion of chlorophyll
biomass and that persist over time scales important to
phytoplankton growth, mortality and life history
(Dekshenieks et al. 2001, McManus et al. 2003, Sulli-

van et al. 2010b). Variations in distribution and abun-
dance over small scales, therefore, are fundamental
to the ecology of planktonic organisms and to the
function of marine pelagic ecosystems. This hetero-
geneous distribution of organisms is a result of their
interactions with physical, chemical, and biological
ecosystem components (Durham & Stocker 2012).
The ecological processes that occur within and
around small-scale structures can be important to the
establishment of harmful algal blooms (Donaghay &
Osborn 1997, Smayda & Reynolds 2001, Rines et al.
2002), trophic interactions (Nielsen et al. 1990,
Menden-Deuer 2008, Benoit-Bird et al. 2009, Greer

© Inter-Research 2015 · www.int-res.com*Corresponding author: malcolm@my.uri.edu

Impact of phytoplankton size and physiology 
on particulate optical properties determined with

scanning flow cytometry

Malcolm N. McFarland*, Jan Rines, James Sullivan, Percy Donaghay

University of Rhode Island, Graduate School of Oceanography, 215 South Ferry Road, Narragansett, RI 02882, USA

ABSTRACT: Layers and patches of phytoplankton at sub-meter scales in the vertical dimension
and kilometer scales in horizontal dimensions are common features in the coastal ocean. These
heterogeneous distributions of cells are fundamental to their population dynamics and the func-
tion of pelagic ecosystems. To better understand biological processes at these small scales, meth-
ods were developed to assess phytoplankton community composition and physiological character-
istics based on high-resolution, in situ optical measurements. Scanning flow cytometry of discrete
samples was used to determine the effects of phytoplankton and non-algal particle abundance,
size, and pigment content on the spectral shape and relative magnitude of particulate attenuation,
absorption, scatter, and backscatter coefficients. The slope of particulate attenuation varied with
phytoplankton size and morphology, the slope of particulate absorption and the ratio of scatter to
absorption varied primarily with cellular pigment content, and the backscatter ratio varied primar-
ily with the relative abundance of non-algal particles. Determination of particle and phytoplank-
ton characteristics from optical measurements over small spatial and temporal scales was tested
with 2 independent high-resolution data sets collected from an in situ autonomous profiling
 system. Comparison of these high-resolution optical data with flow cytometric sample analyses
generally agreed with the previously determined relationships but suggest that complex morpho -
logy of large colonial diatoms may result in higher than expected particulate attenuation slopes.
High-resolution data revealed variations in community size structure and physiology that would
be difficult to visualize with discrete samples or measures of total chlorophyll concentration.

KEY WORDS:  Phytoplankton composition · Optical properties · Flow cytometry · Small scale

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 531: 43–61, 2015

et al. 2013), biochemical cycling (Sieburth & Donag -
hay 1993, Hanson & Donaghay 1998), sexual repro-
duction (Peperzak 2006), and community assembly,
succession, and diversity (Smayda & Reynolds 2001,
Reynolds 2006).

Technological developments over the past several
decades have enabled in situ analysis of natural
phytoplankton communities with increasing resolu-
tion over decreasing spatial and temporal scales.
High-resolution methods targeting phytoplankton
typically use optical measurements of absorption,
attenuation, scattering or fluorescence to detect and
map small-scale structure (Derenbach et al. 1979,
Cowles & Desiderio 1993, Twardowski et al. 1999).
Modern optical instrumentation can routinely collect
data at high rates (>1 Hz) and can be deployed on a
variety of profiling, towed, moored, or autonomous
platforms (Babin et al. 2005, Holliday et al. 2009, Sul-
livan et al. 2010a). While these data are often used to
infer total phytoplankton biomass, a better under-
standing of ecological processes over small scales
could be obtained from optical parameters that
respond to variation of phytoplankton characteristics
such as cell size, shape, or physiology (Stemmann &
Boss 2012).

Theoretical and empirical bio-optical studies have
shown the shape and relative magnitude of particu-
late absorption (ap), scattering (bp), and attenuation
(cp) coefficient spectra are determined by particle
size, morphology, and complex refractive index
(Morel & Bricaud 1986, Sathyendranath et al. 1987).
These particle characteristics can vary significantly
among phytoplankton taxa and with their physiology
(Bricaud et al. 1983, Spinrad & Yentsch 1987, Ackle-
son et al. 1988, Stramski & Reynolds 1993). Intra -
cellular pigment packaging can flatten and decrease
the slope of the ap spectrum while reducing the ab -
sorption efficiency of cells (Duyens 1956, Kirk 1975,
Ciotti et al. 2002). The slope of ap spectra between
488 and 532 nm may also increase as the ratio of
photo protective to photosynthetic carotenoids in -
creases (Eisner et al. 2003). The ratio of scattering to
absorption (bp:ap) can vary among particle types and
with intracellular carbon and pigment concentrations
(Stramski & Morel 1990, Sosik et al. 2001). The pro-
portion of light scattered in the backward direction
(bbp:bp) is low for large particles and particles with
low refractive index. Smaller particles or those with
high refractive index have a higher bbp:bp (Twar-
dowski et al. 2001, Sullivan et al. 2005). The expo-
nential slope of the cp spectrum is high for suspen-
sions dominated by very small particles such as
picoplankton or suspended sediments, and closer to

zero for suspensions with abundant large particles
such as diatom or dinoflagellate cells (Kitchen et al.
1982, Boss et al. 2001). Owing to their dependence
on particle characteristics, these optical parameters
 convey ecologically important information about the
composition and physiology of phytoplankton com-
munities in the ocean.

Previous work in multiple different marine eco -
systems suggests that particle characteristics are
important to the bulk inherent optical properties
(IOPs) of ocean waters that can be measured in situ
with high resolution (Babin et al. 2003, Bricaud et al.
2004, Eisner & Cowles 2005, Sullivan et al. 2005).
However, few field studies have directly measured
individual phytoplankton and non-algal particle
characteristics to determine their influence on bio-
optical parameters and test the predictive capabili-
ties of optical data. Iturriaga & Siegel (1989) used
microspectrophotometric measurements of individ-
ual particles to show that particles from 3 to ~50 µm
in size account for nearly all relevant absorbing par-
ticles and phytoplankton account for 50 to 70% of ap

at 440 nm in North Atlantic mesotrophic waters.
They also found substantial variation in the absorp-
tion spectra of individual phytoplankton and non-
algal particles, and variations in particle size and
absorption efficiency with depth. However, their
methods were labor-intensive and limited to approx-
imately 50 particles for each water sample. In a study
conducted in New England continental shelf waters,
Green et al. (2003) used flow cytometry to show that
bulk IOPs were highly dependent on the abundance,
size, and complex refractive index of different plank-
ton and particle groups. While focusing primarily on
larger scales, the authors documented significant
variation in phytoplankton optical cross-sections and
complex refractive indexes between spring and sum-
mer communities and with depth. They also found
that eukaryotic phytoplankton account for the major-
ity of particulate absorption and scattering, mineral
and detrital particles contribute most to backscatter-
ing, and small photosynthetic prokaryotes make only
small contributions (<14%) to bulk IOPs. A previous
study in Monterey Bay, California, USA, found that
variation of phytoplankton community taxonomic
composition and characteristics over small scales,
determined with microscope-based observations and
cell counts, were correlated with changes in the
 relative magnitude and spectral shape of ap, bp, and
cp coefficient spectra (M. McFarland unpubl.). The
slopes of particulate attenuation and absorption
spectra varied most with community composition,
suggesting that the size distribution and pigment
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content of cells are optically important phytoplank-
ton characteristics that differentiate communities.
That study, however, clearly demonstrated the need
for quantitative measurements of cell size, pigment
content, and non-algal particles. Collectively, these
previous studies suggest that particulate optical
properties can provide valuable biological informa-
tion about phytoplankton community composition
and characteristics when measured at high resolu-
tions in the ocean.

In the present study, conducted in the coastal fjord
of East Sound, Washington, USA, the influence of
natural phytoplankton and non-algal particle charac-
teristics on particulate IOPs was assessed and the
ability of in situ optical measurements to determine
phytoplankton community characteristics with high
resolution over small spatial and temporal scales
was tested. A scanning flow cytometer was used to
directly measure abundance, size, and fluorescence
of phytoplankton cells and non-algal particles in dis-
crete seawater samples. The accuracy of the flow
cytometry data was validated with independent
field- and  laboratory-based experiments. The rela-
tionships be tween particle characteristics and corre-
sponding measurements of the bp:ap, ap slope, cp

slope, and bbp:bp parameters were determined with a
redundancy analysis. Based on these relationships,
an in dependent, high-resolution optical data set col-
lected with an autonomous profiler was used to infer
phytoplankton and non-algal particle characteristics
over small scales. Finally, these inferences were
tested by comparison with the particulate composi-
tion of discrete samples determined with scanning
flow cytometry. The methods employed in this study
enabled visualization of phytoplankton community
characteristics with high resolution and can be
used to better understand the ecological dynamics
of phytoplankton populations and the processes that
determine the abundance of different taxa over small
scales.

MATERIALS AND METHODS

This study was conducted in East Sound, a small
fjord located in the northwest corner of Washington
state at 48.7°N latitude. It is approximately 13 km in
length, 2 km wide, oriented in a north-northwest
direction and open at the southern end. The sound is
30 to 40 m deep on average with narrow topographi-
cal constraints and a partial shallow sill at the south-
ern mouth. Currents and mixing are primarily driven
by wind and tides. When mixing is not intense, East

Sound often develops a complex layered structure.
Multiple distinct water masses can be stacked on top
of each other with significant differences in phyto-
plankton community composition (Dekshenieks et al.
2001, Rines et al. 2002, McManus et al. 2003). This
layered water column structure makes East Sound an
excellent system in which to capture large amounts
of biological and optical variation.

Ship-based optical profiles and corresponding
samples were collected between 14 and 26 May 2009
and between 8 and 20 May 2010. Sample depths
were selected based on ship-based optical profile
data available in real time and samples were imme-
diately analyzed on board the ship with microscopy
and scanning flow cytometry. Ship-based profiles
and samples were collected from a wide range of
locations throughout the sound to capture the full
range of variability in community structure and opti-
cal properties. High-temporal resolution optical pro-
files (every 1 or 2 h) were also collected from an auto -
nomous profiling instrument package moored at one
location in the northern half of the sound over a
shorter time period than ship-based profiling and
sample collection (from 20 to 26 May 2009 and from
11 to 15 May 2010). To acquire samples that could be
directly compared to autonomous profiler data, ship-
based profiling and sample collection was occasion-
ally conducted adjacent to the autonomous profiler.

Optical data from ship-based profiles were com-
pared with flow cytometric analyses using multivari-
ate statistical methods (cluster analysis and redun-
dancy analysis) to determine relationships between
particle characteristics and bulk optical properties.
These relationships were used to interpret high-
 resolution optical data collected from the auto -
nomous profiler. To test relationships between opti-
cal data and particle characteristics, high-resolution
optical data were compared to flow cytometry data
from a small subset of samples collected adjacent to
the autonomous profiler.

Ship-based optical profiles

Optical data for comparison with discrete samples
were collected from multiple locations throughout
the sound with a ship-based profiling instrument
package. Instruments included a WET Labs ac-9
(2009) or ac-s (2010) absorption and attenuation me -
ter, a WET Labs ac-9 fitted with a 0.2 µm filter at the
intake to measure absorption by dissolved substan -
ces, a SeaBird Electronics SBE-25 CTD, a WET Labs
WETStar chlorophyll fluorometer, and a WET Labs
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ECO Volume Scattering Function (VSF) 532 nm scat-
ter sensor. During 2010 the profiler also included
a WET Labs Colored Dissolved Organic Matter
(CDOM) fluoro meter. The buoyancy of the optical
instrument package was adjusted to be slightly neg-
ative and, during data collection, was allowed to
descend freely through the water column, decoupled
from ship motion (Donaghay et al. 1992). Profiles
were conducted in duplicate to ensure the accuracy
of measurements and  stability of the local water col-
umn structure.

Absorption and attenuation meters were calibrated
before, during and after each field project with
0.2 µm filtered de-ionized water from a Barnstead
E-pure water purification system. Optical data were
corrected for the effects of temperature and salinity
according to the methods of Twardowski et al. (1999)
and Sullivan et al. (2006). Scattering errors in the
ac-9 and ac-s meters were corrected using the pro-
portional correction algorithm of Zaneveld et al.
(1994). Use of other scattering correction methods,
including subtraction of particulate absorption at
715 nm from all wavelengths and the proportional+
method of Röttgers et al. (2013), did not have an
effect on subsequent statistical analyses. The co -
efficients ap and cp were calculated by subtracting
dissolved absorption (ag), measured with the 0.2 µm
filtered ac-9, from total absorption (apg) and attenua-
tion (cpg), measured with the unfiltered ac-9 or ac-s
meters. An in-line flow sensor was used to compen-
sate for the slower flow rate through the filtered ac
meter by applying a time delay based on an experi-
mentally determined linear fit of delay to flow meter
voltage. To match the higher spectral resolution of
the ac-s meter used during 2010, the dissolved
absorption spectrum was interpolated by fitting to
measured values, an equation of the form ag(λ) = sλ−γ,
where λ is the wavelength, γ is the exponential slope,
and s is a scale factor. The coefficient bp was calcu-
lated as the difference between the particulate
absorption and attenuation coefficients, bp = cp − ap.
Values of bbp at 532 nm were calculated from the
ECO VSF data integrated over all 3 angles, after each
angle was calibrated according to a weighting func-
tion as described in Sullivan et al. (2013).

Adaptive sampling

Optical profiles were conducted immediately prior
to water sample collection and target sample depths
were selected based on total phytoplankton biomass
inferred from optical data available in real time.

Depths were selected to capture the maximum
amount of variation of biomass throughout the water
column in the most efficient manner possible. At
each profiling station, samples were generally col-
lected from 2 or 3 depths where total absorption and
chlorophyll fluorescence exhibited minimum and
maximum values. This adaptive sampling procedure
ensured that thin layers of phytoplankton were accu-
rately sampled and the full range of phytoplankton
biomass and optical variation throughout the water
column was captured at each station. Samples were
collected with a ~2 l, hand-deployed, Ruttner-type
water sampler (KC Denmark) on a graduated line.
Sub-samples (~20 ml) were used for immediate flow
cytometric analysis on board the ship. For qualitative
analysis of communities and species identification,
phytoplankton cells and colonies in collected sam-
ples were immediately viewed and recorded on the
ship with a compound microscope equipped with a
video camera. Sub-samples for video microscopy
were gently concentrated with a 20 µm Nitex mesh
screen. In addition, 250 ml of each sample was pre-
served with 1% formalin and 1% glacial acetic acid
for later analysis in the lab. Preserved samples were
used to validate flow cytometry data (see ‘Scanning
flow cytometry’).

Scanning flow cytometry

A CytoSense scanning flow cytometer (CytoBuoy
b.v.) was used aboard the ship to measure the size,
concentration, light scatter, and chlorophyll fluores-
cence of phytoplankton cells and non-algal particles
in samples immediately after collection. This instru-
ment has a wide flow path that can accommodate
particles up to 800 µm in width. The CytoSense re -
cords a scan (0.5 µm resolution) of the light scattered
and fluoresced by particles as they pass individually
through the incident laser beam at a fixed speed
(Fig. 1). Descriptive particle para meters such as total
light scatter, total fluorescence, and length are com-
puted for each particle from scan data. Particles that
are elongate in shape tend to align lengthwise along
the axis of flow and length measurements therefore
represent maximum particle dimensions rather than
spherical equivalent dia meters (Fig. 1A, B). For each
sample, the volume of fluid analyzed is recorded and
used to calculate  particle concentrations. Sample vol-
umes generally ranged from several hundred micro-
liters to several milliliters, depending on particle con-
centration. The CytoSense flow cyto meter used in
this study was equipped with a 488 nm blue laser and
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detectors for forward scatter, side scatter, and fluo-
rescence at green (515 to 565 nm), yellow (565 to
595 nm), orange (595 to 664 nm), and red (>664 nm)
wavelengths. Detector gain settings and trigger lev-
els were ad justed using natural samples and phyto-
plankton cultures to ensure adequate signal strength
and detection of cells as small as 2 µm (e.g. Syne-
chococcus), and to avoid saturation by large dinofla-
gellates or colonial diatoms (e.g. Chaetoceros) that
are common in East Sound. To ensure comparable
results, gain settings and trigger levels were kept
consistent for all samples within each year, but were
increased slight ly in 2010 to improve detection of the
smallest ob servable particles (e.g. bacteria). Align-
ment and performance of detectors was checked daily
by running a broad-spectrum fluorescent 2.5-µm-
diameter bead standard (Molecular Probes, Align-
Flow beads).

The standard algorithm in the CytoBuoy CytoClus
analysis software (version 3.0) calculates particle
length from scan width at half-maximum, with a
correction for particles smaller than the focused

beam height. Although this algorithm worked well
for small single cells, it was found to be inaccurate
for large particles such as pennate diatoms or
Chaetoceros spp. colonies that had low signal inten-
sity near the ends of scans. Examples of lengths
determined by the standard algorithm are shown as
dashed lines in Fig. 1. For these large cells and
colonies, total scan length was a more accurate
determination of actual particle length. A modified
algorithm was developed to calculate length accord-
ing to scan width at a fraction of scan height that
was dependent on total integrated forward scatter.
For small particles, this new algorithm produced a
length measurement that was nearly equivalent to
the standard algorithm based on scan width at half-
maximum. For large particles, the algorithm pro-
duced a length that was nearly equivalent to the
total scan length. The algorithm used a generalized
logistic function of the form:

(1)
( )

ƒ 0.594
0.01– 0.594

1 0.001e–2.92( –3.415) 1000t= +
+
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Fig. 1. Examples of several phytoplankton cells and corresponding scan data from the CytoSense flow cytometer. (A) Image of
live Haslea sp. cell above corresponding CytoSense scan. (B) Image and scan of empty Haslea sp. frustule. Note lack of chloro-
phyll fluorescence. (C) Image and corresponding scan of live Chaetoceros socialis colony. Dashed lines indicate particle length 

determined from scan data by CytoClus software
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where ƒ is the fraction of scan height at which length
should be determined and t is the base 10 log of the
integrated forward scatter scan. In Eq. (1), the values
0.594 and 0.01 represent the highest and lowest pos-
sible fraction of scan height at which length should
be determined. The value 3.415 represents the log of
integrated forward scatter at the mid-point of the
transition between the smallest and largest scan
height fractions, and the value 2.92 represents the
slope of this transition. These parameters were de -
termined by unconstrained nonlinear optimization
using the ‘fminsearch’ function in Matlab (The Math-
works). The procedure found parameter values that
minimized the length measurement error of 6 bead
size standards (Duke Scientific polymer micro -
spheres) with diameters of 2.7, 9.7, 14.6, 20, 30.1, and
69.9 µm. Length measurements were then recalcu-
lated based on this optimized algorithm for scan data
from all collected samples.

The accuracy of CytoSense concentration mea-
surements was tested by comparison with manual
microscope-based cell counts of a subset of samples
collected during 2009 and 2 uni-algal phytoplankton
cultures. Field samples contained an abundant popu-
lation of the large pennate diatom Haslea sp., which
was easily identified in the microscope and in
CytoSense data due to its consistent size and shape.
A culture of this taxon, isolated from East Sound in
2011, and a culture of the dinoflagellate Akashiwo
sanguinea, isolated from Grays Harbor, Washington,
USA, were also used to test CytoSense cell concen-
tration measurements. Manual microscope-based
cell counts of preserved field samples and cultures
were conducted in the lab on a Nikon Eclipse E800
compound microscope using a 10× objective and
phase contrast illumination. Cells were counted in a
0.1 ml Palmer-Maloney or 1 ml Sedgewick-Rafter
chamber, depen ding on concentration.

The accuracy of CytoSense length measurements
was tested for 4 uni-algal cell cultures by comparison
with automated image analysis using a FlowCAM
imaging particle analyzer. Selected species varied in
size from approximately 10 µm to nearly 1 mm and in-
cluded Teleaulax amphioxeia (Cryptomonadacea),
Akashiwo sanguinea (Dinophyceae), Chaetoceros
 socialis (Bacillariophyceae), and Chaetoceros eibenii
(Bacillariophyceae). Cultures were isolated from Nar-
ragansett Bay, Rhode Island; East Sound (C. eibeneii),
or Grays Harbor, Washington, USA (A. sanguinea),
and grown in L1 seawater medium (Guillard & Har-
graves 1993) with a 12 h light:12 h dark cycle at 15°C.
A. sanguinea and T. amphioxeia were grown in L1
medium without enrichment of silicon and diatoms

were grown in lower strength L1/5 medium. To pro-
mote proper morphology of large colonial diatoms
and prevent settling, cells were grown in 10 l tanks
equipped with motorized stir bars to generate moder-
ate levels of turbulence (Sullivan & Swift 2003). Mea-
surements from 6 replicate tanks for each species
were acquired while cells were in exponential growth
phase.

Particle length, forward scatter, side scatter, chloro -
phyll fluorescence, and phycoerythrin fluorescence
were used to classify particles into separate types.
Classification was performed by manually defining
parameter value ranges (gates) for different particle
types on scatter plots of length vs. maximum red flu-
orescence, maximum forward scatter vs. maximum
side scatter, and maximum red vs. maximum yellow
fluorescence. Identifiable particle types included
non-algal particles (without chlorophyll fluorescence),
picoplankton-sized (~1 to 2 µm) Syne cho coccus,
nanoplankton-sized (2 to 20 µm) photosynthetic
eukaryotes, microplankton-sized (>20 µm) diatoms
and dinoflagellates, nano- and microplankton sized
cells with phycoerythrin (e.g. cryptomonads and
Dinophysis spp.), and nano- and microplankton-
sized dead algal cells. Dead cells were distinguished
from live cells and non-algal particles by having very
low residual chlorophyll fluorescence, but length and
scatter characteristics similar to live cells.

Data analysis

For comparison with flow cytometry data, optical
data were extracted from ship-based profiles col-
lected at the same location, depth, and time as the
samples. For each sample, 4 optical parameters that
describe the shape and relative magnitude of ap, cp,
and bp spectra were calculated. These included the
ratio of bp at 555 nm to ap at 676 nm (bp:ap), the spec-
tral slope of the ap coefficient between 488 and
532 nm, the spectral slope of cp, and the ratio of bbp to
bp at 532 nm (bbp:bp). Wavelengths for bp:ap were
chosen to coincide with the peak scattering signal
and the long-wavelength chlorophyll absorption
peak to minimize the influence of absorption by non-
algal particles. The ap slope was calculated according
to Eisner et al. (2003) as:

(2)

Note that Eisner et al. report the ap slope as a neg-
ative value and we report this slope as a positive
value to maintain consistency with conventions for

slope –
–

(488 – 532nm)
p

p488 p532

p676
a

a a

a
=
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the cp slope. The slope of cp was determined between
412 and 650 nm by fitting an equation of the form
cp(λ) = kλ−γ, where λ is the wavelength, γ is the ex -
ponential slope of the spectrum, and k is a scale fac-
tor (Twardowski et al. 2001, Boss et al. 2001). The
 equa tion was fitted using unconstrained nonlinear
optimization to minimize the sum of squared errors
be tween modeled and measured values of cp. The
back scatter ratio (bbp:bp) at 532 nm was calculated
from bbp measured with the ECO VSF and bp mea-
sured with the ac-9 or ac-s, both at 532 nm.

A percent scatter distribution based on scanning
flow cytometry data was used to characterize the par-
ticulate composition of samples. We used scatter,
rather than particle concentration, to account for dif-
ferences in particle cross-sectional area that deter-
mine their impact on bulk absorption, scattering, and
attenuation coefficients (Morel & Bricaud 1986). For
every sample, flow cytometry data for each of the 6
particle types was binned according to length into 50
logarithmically sized bins between 1 µm and 2 mm.
This resulted in 300 categories of particle (50 sizes of
each type) for which the percentage of total particle
scatter was calculated. For each particle, scatter was
calculated as the sum of the integrated forward scat-
ter and side scatter scan data. The total scatter per-
centage was calculated as the sum of scatter for all
particles of a given type in a size bin normalized by
the sum of total scatter for all particles in the sample.

Hierarchical cluster analysis and redundancy ana -
lysis were used to determine the relationship be -
tween the particulate composition of samples and
their corresponding optical properties. These analy-
ses were conducted separately for each year due to
differences in flow cytometer gain settings between
years, which may have affected particle detection
and classification. Gain settings were consistent for
all samples within each year to ensure comparable
data. The percentage of particle scatter by all 300
categories was used to cluster samples into 4 groups
in each year. Hierarchical cluster analyses (complete
linkage method) were based on a Bray-Curtis distan -
ce matrix and computed with the Matlab statistics
toolbox version 8.0. Similarity profile tests were used
to determine the distance at which the resulting den-
drograms should be cut to produce compositionally
distinct groups of samples. Dendrograms were sub -
divided at a fixed distance above which similarity
profile tests could confirm significant structure (p <
0.01) for all groups (Clarke et al. 2008). This resulted
in 4 clusters of samples in each year. Means for each
cluster were determined by averaging percent scat-
ter distributions and optical parameters among all

samples in each community. Similarity profile tests
were performed with the Fathom toolbox for Matlab
(Jones 2012) using 104 iterations. Redundancy ana -
lysis is a multivariate statistical ordination technique
similar to principal components analysis but with the
ability to model linear relationships among 2 sets of
variables (Zuur et al. 2007). It is a constrained method
similar to canonical correspondence analysis that dis-
plays only the variation in one set of variables (i.e.
flow cytometry data) that can be explained by an -
other set of constraining variables (i.e. optical data).
Redundancy analysis was performed with the ‘vegan’
package for the R statistical computing environment
(Oksanen et al. 2013). Redundancy analyses were
based on the same 300 categories of percent scatter
data used for cluster analyses and measurements of
the 4 optical parameters bp:ap, ap slope, cp slope, and
bbp:bp corresponding to each sample.

High-resolution autonomous profiles

High-spatial and -temporal resolution optical data
were collected with an Ocean Response Coastal
Analysis System (ORCAS) autonomous vertical pro-
filer (Donaghay 2003, Babin et al. 2005, Sullivan et al.
2005, Sullivan et al. 2010a) moored in the upper
sound from 20 to 26 May 2009 and from 11 to 15 May
2010. This system is equipped with a programmable
submersible winch anchored to the sea floor, floats to
provide positive buoyancy, batteries, a data logger,
and a radio system to transmit collected data to a
receiving station. The instrument payload included a
WET Labs ac-9 absorption and attenuation meter, a
SeaBird Electronics SBE49 CTD, a WET Labs WET-
star chlorophyll fluorometer, a WET Labs ECO VSF
3-angle backscatter sensor (532 nm), and a WET
Labs CDOM fluorometer. The system collected pro-
files at an ascent rate of ~3 cm s−1, resulting in data
with a vertical spatial resolution of ~1 cm. Profiles
were conducted hourly in 2010 and every 2 h in 2009.
The ac-9 meter was calibrated before and after de -
ployment and corrections for temperature, salinity,
and backscatter errors were applied to data as with
the ship-based profiling system. To minimize noise
and enhance the appearance of ecologically relevant
distribution patterns, outliers were removed and data
were smoothed over depth and time. Profiles were
concatenated and linearly interpolated to 1 cm
depths between approximately 1 and 20 m. Outliers
greater than 3 standard deviations from the mean
measured over a 40 cm depth interval and a 4 h time
interval were removed and gaps were filled by linear
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interpolation. Concatenated data were then smooth -
ed by convolution using Gaussian kernels with stan-
dard deviations of 10 cm and 1 h. Data were plotted
with a linearly interpolated color gradient. Chloro-
phyll concentrations were calculated from absorption
spectra according to the methods of Sullivan et al.
(2005) using a chlorophyll-specific absorption co -
efficient of 0.014 m2 mg−1 typical for East Sound.
Absorption-based chlorophyll concentrations were
used to avoid the effects of fluorescence quenching
by photo-inhibition that can happen in near-surface
waters.

As the ORCAS profiler could not be equipped with
a filtered ac meter, ag was determined from measure-
ments of CDOM fluorescence. A model of ag based
on CDOM fluorescence and depth was developed
from ag and CDOM fluorescence measurements ac -
quired with the ship-based profiling package during
2010. The value of ag at 412 nm was found to be lin-
early related to CDOM fluorescence according to:

ag(412 nm) = 0.0135F + 0.1806 (3)

where F is CDOM fluorescence. The exponential
slope (s) of the ag spectrum was found to vary with
depth according to:

s = 0.0008e−0.2334d + 0.016 (4)

where d is depth. These relationships determined the
parameters used to calculate ag spectra according to:

ag(λ) = ag(412 nm)e−s (λ − 412) (5)

where λ is wavelength and s is the spectral slope.
Modeled ag spectra were then subtracted from total
attenuation spectra to determine ap spectra, cp spec-
tra and cp slope.

To test the association between optical parameters
and particle characteristics, bp:ap, ap slope, cp slope,
and bbp:bp derived from high-resolution data were
compared to samples collected from 3 points during
the time series from each year. Samples were ana-
lyzed with scanning flow cytometry to determine
particle composition and characteristics as described
above.

RESULTS

CytoSense validation

Particle concentrations determined by flow cyto -
metry and manual microscope counts were linearly
related (Fig. 2A). A model II least-squares linear fit to
the log-converted data had an r2 value of 0.97, indi-

cating consistent precision over a wide range of cell
densities. Cell concentrations determined with the
flow cytometer were generally slightly lower than
those determined manually for all samples, a result
that appears exaggerated at lower cell densities on
the log:log plot. Flow-cytometry-based cell concen-
trations for Haslea sp. cultures may also have been
slightly underestimated due to excessive production
of exopolymers, which could have caused cells to
stick to each other and to sample tubing. Cell length
measurements determined with the CytoSense flow
cytometer were similar to those determined by
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Fig. 2. (A) Comparison of phytoplankton cell concentrations
determined by flow cytometry and manual, microscope-
based cell counts. (B) Comparison of mean phytoplankton
cell length measurements determined by scanning flow cyto -
metry and automated image analysis for 4 different uni-algal
cultures. Standard error bars are smaller than all symbols.
Species: Akashiwo sanguinea; Chaetoceros eibenii; Chaeto-

ceros socialis; Teleaulax amphioxeia
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 automated image analysis with a FlowCAM particle
analyzer (Fig. 2B). CytoSense length measurements
were slightly higher than FlowCAM measurements
for the smallest cells (Teleaulax amphioxeia) and
slightly lower than FlowCAM measurements for the
larger Chaetoceros socialis.

Ship-based optical profiles and sample analyses

A total of 55 samples in 2009 and 61 samples in
2010 were acquired and analyzed. Microscopy of live
samples collected during 2009 revealed a phyto-
plankton community dominated by an abundant
population of a pennate diatom in the genus Haslea
(Fig. 1A,B). During 2010, live microscopy revealed a
phytoplankton community still dominated by dia -
toms, but with a greater diversity of species including
multiple Chaetoceros (especially C. socialis, Fig. 1C)
and a number of other colony-forming centric and
pennate diatoms including Dactyliosolen fragilissi -
mus, Detonula pumila, Ditylum brightwellii, Eucam -
pia zodiacus, Guinardia delicatula, Pseudo-nitzschia
spp., Skeletonema spp., Rhizosolenia spp., Lepto-
cylindrus danicus, and Thalassiosira spp. These spe-
cies represent a wide range of cell sizes, shapes, and
modes of colony formation. Individual cells of these
species could be as small as ~10 µm (e.g. Skeleto -
nema spp.), whereas colonies of C. socialis or single
cells of Rhizosolenia spp. could be several hundred
micrometers in size. The morphology of the siliceous
frustules for many of these diatoms was quite com-
plex, with some species having long siliceous setae or
interconnecting spines (e.g. Chaetoceros spp. and
Skeletonema spp.) and others with patterns of pores
or striations along the valve face (e.g. Thalassiosira
spp., Pseudo-nitzschia spp., and Haslea sp.).

Approximately 1 ml of seawater and an average of
16589 particles were analyzed per sample with the
scanning flow cytometer during 2009. Average sam-
ple volume and number of particles analyzed were
increased during 2010 to 1.7 ml of seawater and
58681 particles per sample, to account for a lower
overall concentration of phytoplankton and a more
diverse phytoplankton community. During 2009, par-
ticles were classified as non-algal, eukaryotic cells
containing phycoerythrin, live Haslea sp., dead
Haslea sp., nanophytoplankton, or microphytoplank-
ton. Despite initial efforts to calibrate detector gain
settings and trigger levels prior to sample analyses,
signal strength from picoplankton-sized cells was
insufficient for accurate enumeration in most sam-
ples. However, despite their high abundance, these

small cells accounted for a very small proportion of
total scatter or fluorescence, most likely due to their
small size or low refractive index. Low contributions
of picophytoplankton-sized cells to total scatter were
also found by Green et al. (2003). During 2010, gain
settings were increased and trigger levels were de -
creased to ensure efficient detection of Synecho -
coccus. Flow cytometer data collected during 2010
were classified as non-algal, eukaryotic cells with
phycoerythrin, Synechococcus, nanophytoplankton,
microphytoplankton, and dead cells.

Cluster analyses based on the particulate composi-
tion of samples identified 4 distinct communities in
each year (Fig. 3). Similarity profile analyses con-
firmed the significance of all clusters (p < 0.01) and
produced cutoff distances of 0.52 and 0.49 for 2009
and 2010, respectively. The mean composition of
these communities is shown in Fig. 4 as stacked
histo grams representing percent scatter for each par-
ticle type. In 2009 (Fig. 4A−D), Community 3 was
overwhelmingly dominated by live Haslea sp. cells
(Fig. 4C). Community 2 was also dominated by live
Haslea sp. but had a higher proportion of scatter by
other particle types (Fig. 4B). Community 1 had a
large proportion of scatter from dead Haslea sp. cells
(Fig. 4A) and Community 4 had a more even mixture
of scatter by different particle types (Fig. 4D). During
2010, phytoplankton communities were not domi-
nated by a single taxon but contained a far more
diverse complement of particles with a range of sizes
and shapes (Fig. 4E,F). Community 5, although con-
sisting of only 3 samples, was distinctive in composi-
tion due to a very high proportion of scatter by dead
cells (Fig. 4E). Community 7 contained a high propor-
tion of scatter by large (>100 µm) phytoplankton cells
and colonies (Fig. 4G). Community 6 was dominated
by non-algal particles (Fig. 4F) and Community 8 had
a more even mixture of scatter by all particle types
(Fig. 4H).

Mean values and standard deviations of bp:ap, cp

slope, ap slope, and bbp:bp for each community are
shown in Table 1. Results of redundancy analyses for
each year (Fig. 5) show the variation of these optical
parameters among communities. Permutation tests
found the results of both redundancy analyses to be
highly significant (p < 0.005). In the resulting biplots
(Fig. 5), symbols represent samples and symbol
shape indicates community membership determined
by cluster analyses shown in Fig. 3. The labeled vec-
tors extending from the origin indicate the direction
of increase for each optical parameter among all
samples. In both years, the ap slope was correlated
with bp:ap, and the cp slope was correlated with
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Fig. 3. Dendrograms show-
ing results of cluster analy-
ses for (A) 2009 and (B) 2010,
based on particle size−scat-
ter distributions of samples
determined with scanning
flow cytometry (see Fig. 4).
Dashed lines indicate cutoff
levels of 0.52 (2009) and 0.49
(2010) determined with simi-

larity profiles (p < 0.01)

Fig. 4. Mean particulate composition of communities determined with scanning flow cytometry for (A−D) 2009 and (E−H) 2010. 
Stacked histograms show percentage of total scatter as a function of particle type and length (µm)
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bbp:bp. These correlations are most evident in the
2010 analysis. Vector length indicates how well the
plotted result represents variation of a particular
parameter. In Fig. 5B, for example, the vector repre-
senting the cp slope is relatively short, indicating that
the variation of this parameter is not represented as
well as other optical parameters in the biplot.

In 2009, Community 1, dominated by dead Haslea
sp., was found to have high values of bp:ap and ap

slope, intermediate cp slopes, and low values of bbp:bp

(Fig. 5A, Table 1). Samples from Community 2 span -
ned a range of moderate to high cp slopes, moderate
to high bbp:bp, and had intermediate values of ap

slope and bp:ap. Community 3, dominated by live
Haslea sp. cells, had low values of cp slope and ap

slope, low values of bp:ap and moder-
ate values of bbp:bp. Community 4 had
high cp and ap slopes, high bp:ap, and
moderate to high vales of bbp:bp. Dur-
ing 2010, samples in Community 5
had the highest values of bp:ap and ap

slopes, low cp slopes, and low bbp:bp

(Fig. 5B, Table 1). Community 6 had
high values of bbp:bp, high values of cp

slope, and intermediate values of
bp:ap and ap slope. Community 7 had
moderate to low values of cp slope
and ap slope, low bp:ap, and interme-
diate values of bbp:bp. Community 8
spanned a range of intermediate val-
ues of all optical parameters.

Comparison of community composition (Fig. 3)
with results of redundancy analyses (Fig. 5) and
mean community optical parameters (Table 1) shows
the influence of particle type on particulate IOPs.
During 2009, cp slopes decreased with the relative
amount of scatter by live or dead Haslea sp. cells.
Also during 2009, the lowest ap slopes were associ-
ated with live Haslea sp. cells (Community 3) and the
highest ap slopes were associated with dead Haslea
sp. cells (Community 1). Conversely, high bp:ap was
associated with dead Haslea sp. cells (Community 1),
and low bp:ap was associated with live Haslea sp.
cells (Community 3). However, the bp:ap parameter
may also have been affected by non-algal particles,
as the highest mean values were associated with
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Com- N bp:ap cp slope bbp:bp ap slope
munity Mean SD Mean SD Mean SD Mean SD

2009
1 8 16.82 5.33 0.410 0.061 0.0096 0.0012 0.0218 0.0049
2 8 10.35 1.88 0.502 0.132 0.0160 0.0023 0.0131 0.0016
3 27 6.44 0.86 0.281 0.054 0.0112 0.0027 0.0109 0.0012
4 12 18.78 8.78 0.637 0.202 0.0131 0.0032 0.0187 0.0062

2010
5 3 20.90 4.32 0.091 0.166 0.0070 0.0004 0.0176 0.0037
6 16 10.31 3.49 0.417 0.155 0.0148 0.0045 0.0122 0.0021
7 13 9.21 3.03 0.211 0.157 0.0084 0.0020 0.0120 0.0025
8 29 10.41 4.89 0.241 0.203 0.0082 0.0024 0.0122 0.0033

Table 1. Number of samples (N) and the mean and standard deviation (SD) of 
optical parameters for samples in each community

Fig. 5. Biplots showing result of redundancy analysis for (A) 2009 and (B) 2010. Symbols indicate community membership of
samples as determined by hierarchical cluster analyses (Fig. 3). Vectors indicate direction of increase for optical parameter 

values. RDA axes 1 and 2 represent the 2 orthogonal eigenvectors with the largest eigenvalues
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Community 4 (Table 1). High values of bbp:bp were
associated with non-algal particles and low bbp:bp

was associated with dead Haslea sp. cells. Lower
bbp:bp for Community 1 compared to Community 2
may be attributed to dead Haslea sp. cells, as these
communities are otherwise similar. Higher bbp:bp for
Community 2 compared to Community 3 is likely due
to non-algal particles, since these communities are
otherwise similar. During 2010, high cp slopes were
associated with scatter from small, non-algal parti-
cles (Community 6), and cp slopes decreased in
 association with scatter by large (>100 µm) phyto-
plankton cells and colonies (Communities 7 and 8).
How ever, the lowest mean cp slopes were associated
with the high scatter from dead cells in Community 5
(Table 1). As in 2009, high bp:ap and high ap slopes
were associated with dead cells (Community 5),
whereas low bp:ap and ap slopes were associated with
large, healthy phytoplankton (Community 7). Also
similar to 2009, low values of bbp:bp were associated
with dead cells, and high values of bbp:bp were asso-
ciated with scatter from non-algal particles.

Results from both years support 3 general conclu-
sions for East Sound waters. First, communities dom-
inated by large phytoplankton cells and colonies are
generally associated with low cp slope values. This is
consistent with previous studies that show cp slope is
a function of the slope of the particle size distribution
(Kitchen et al. 1982, Boss et al. 2001). However, the
low cp slope values associated with dead cells during
2010 (Community 5) represent a deviation from this
general trend within the context of this study. Sec-
ond, communities dominated by non-algal particles
tend to have higher bbp:bp, those dominated by live
phytoplankton cells have lower bbp:bp, and those
dominated by dead cells have the lowest bbp:bp val-
ues. Third, communities with abundant concentra-
tions of dead phytoplankton are associated with high
bp:ap ratios and high ap slopes.

High-resolution autonomous profiles

High-resolution optical data collected with an OR-
CAS autonomous profiling system were used to infer
phytoplankton community characteristics over small
scales based on results of discrete sample analyses
(Figs. 6 & 7). During both years the ORCAS profiler
captured a transition from high-chlorophyll, bloom
conditions to waters with low chlorophyll concentra-
tions. In 2009, chlorophyll concentrations were high-
est below the pycnocline at the start of the high-reso-
lution time series and decreased over time (Fig. 6A).

The bp:ap ratio was highest near the surface at the be-
ginning of the time series (Fig. 6B). Low bp:ap values
were found below the pycnocline through the begin-
ning and middle of the time series. The lowest bp:ap

values were found associated with the pycnocline be-
tween 5 and 10 m depth during the middle of the time
series. The bp:ap parameter was of intermediate value
and uniform throughout the water column at the end
of the time series. The ap slope parameter was highest
in near-surface waters at the beginning of the time
series and decreased with depth below the pycno -
cline (Fig. 6C). This parameter was lowest throughout
the water column near the end of the time series
(Fig. 6C). The cp slope parameter was lowest below
the pycnocline and of intermediate value in surface
waters at the beginning of the time series (Fig. 6D).
Values of cp slope were high throughout the water
column at the end of the time series. The bbp:bp data
collected by the autonomous profiler during 2009
were of poor quality and are not shown.

High-resolution optical data collected in 2010
showed high chlorophyll concentrations in surface
waters near the beginning of the time series that
decreased over time to form a subsurface maximum
between 5 and 10 m depth (Fig. 7A). The bp:ap ratio
was initially low where chlorophyll concentrations
were high, and increased in near-surface waters at
the end of the time series (Fig. 7B). Elevated bp:ap

values in thin layers were associated with the pycno-
cline between 15 and 20 m on 12 May and between
10 and 15 m on 13 May. The ap slope parameter was
lowest at depth at the start of the time series, moder-
ate to low where chlorophyll concentrations were
highest, and generally increased for most of the
water column over time, with some lower values
remaining in layers between 10 and 20 m (Fig. 7C).
The cp slope parameter was lowest near the surface
throughout the time series (Fig. 7D) with strong gra-
dients located along the pycnocline. The bbp:bp ratio
was consistently higher at depth throughout the time
series (Fig. 7E).

Based on results of the redundancy analyses, cp

slope values suggest that waters below the pycno-
cline near the beginning of the time series in 2009
were dominated by large Haslea sp. cells. Low bp:ap

and ap slopes suggest a low proportion of dead cells
in this high-chlorophyll region. In surface waters,
moderate cp slopes, high bp:ap, and high ap slopes
suggest abundant dead Haslea sp. cells and more
abundant small particles. Towards the end of the
2009 time series, high cp slope and low ap slope val-
ues suggest smaller average particle sizes and a
smaller proportion of dead cells. Flow cytometric
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analyses of samples collected adjacent to the ORCAS
profiler at 3 points during the time series support
these optical predictions of particle composition. A
sample collected from high-chlorophyll waters below
the pycnocline on 20 May was dominated by live
Haslea sp. (Fig. 8A) with a low proportion of scatter
by dead cells (3.03%). There was a greater propor-
tion of scatter by dead cells (10.1%) in near-surface
waters on 21 May where bp:ap and ap slopes were
high (Fig. 8B). There was also considerably more
scatter by small non-algal particles (<10 µm) in these
surface waters as predicted by moderate cp slopes.

The sample collected on 25 May, near the end of the
time series, contained a higher proportion of scatter
by cells in the 10 to 100 µm size range and a lower
proportion of scatter (5.5%) by dead Haslea sp. cells
(Fig. 8C).

The spatial and temporal distribution of cp slopes in
2010 high-resolution data (Fig. 7D) suggests that large
particles dominated in much of the upper portion of
the water column throughout the time series, espe-
cially after 13 May when chlorophyll concentrations
were low. Also throughout the time series, bbp:bp was
higher in near-bottom waters, suggesting non-algal

55

Fig. 6. High-resolution optical data collected during 2009 with the ORCAS autonomous profiler. Symbols indicate location of 
samples shown in Fig. 8A−C. Black line indicates depth of the pycnocline; Date: mm/dd
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particles, possibly re-suspended sediments, are more
abundant at depth. High bp:ap and ap slopes in near-
surface waters at the end of the time series suggest a
high proportion of dead cells. Samples collected close

to the ORCAS profiler in 2010 partially support these
predictions. A near-surface sample collected on 12
May from the region of high chlorophyll, low bp:ap,
and moderate ap slope showed scatter was dominated
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Fig. 7. High-resolution optical data collected during 2010 with the ORCAS autonomous profiler. Symbols indicate location of 
samples shown in Fig. 8D−F. Black line indicates depth of the pycnocline; Date: mm/dd
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by large (>100 µm) phytoplankton cells and colonies
(Fig. 8D). A sample collected from ~20 m depth on 14
May showed scatter dominated by non-algal particles
(Fig. 8E). A sample collected near the surface at the
end of the time series showed considerable scatter
from dead cells (Fig. 8F). Although cp slope for waters
dominated by phytoplankton colonies >100 µm in size
was lower than that for waters dominated by small
non-algal particles, the lowest cp slopes were associ-
ated with abundant dead cells in the 10 to 100 µm size
range. This is contrary to the normal positive correla-
tion between cp slope and the relative abundance of
large particles (Kitchen et al. 1982, Boss et al. 2001),
but in agreement with results from previous sample
analyses that showed low cp slopes associated with
dead cells (Community 5, Table 1). For the large di-
atom colonies that were found in East Sound during
the study in 2010, morphology may play an important
role in determining their scattering characteristics
and the cp slope parameter.

DISCUSSION

This study compared phytoplankton and non-algal
particle characteristics determined with scanning
flow cytometry to in situ measurements of particulate
IOPs over small scales. The results show a strong
influence of phytoplankton type, size, and pigment
content on the spectral shape and relative magnitude
of ap, cp, and bp coefficients. Variation in phytoplank-
ton community composition, primarily driven by the
relative abundance of large (>200 µm) diatom cells
and colonies, determined cp slope. However, it ap -
pears the complex morphology of some large colo -
nies resulted in higher cp slopes than would be ex -
pected based on their size as measured with the
CytoSense scanning flow cytometer. Phytoplankton
cell death and subsequent loss of chlorophyll in -
creased bp:ap and ap slopes. In addition, the relative
abundance of non-algal particles primarily deter-
mined bbp:bp. These results demonstrate the ability of
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Fig. 8. Composition of individual samples collected near the ORCAS autonomous profiler during (A−C) 2009 and (D−F) 2010
shown as percent scatter determined by scanning flow cytometry. Symbols correspond to sample locations in Figs. 6 & 7 and 

to the communities they most resemble as in Fig. 5. Date: mm/dd
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optical parameters to reveal variation of phytoplank-
ton community structure and function with high res-
olution over ecologically critical, small spatial and
temporal scales in the ocean.

Results were similar for 2 very different phyto-
plankton communities. In 2009, suspended particles
in East Sound were dominated by a single diatom
taxon in the genus Haslea. Its relative abundance
throughout the water column over time was inversely
correlated with the cp slope parameter. The death of
this population was associated with dramatic in -
creases in bp:ap and ap slope as cellular pigment con-
tent changed and the proportion of empty frustules
increased. Increases in bp:ap are likely due to a de -
crease in absorption by dead cells through loss of
chlorophyll and an increase in non-algal particulate
material such as cell debris and bacteria. Increases in
ap slope may be associated with a relative increase in
absorption by photoprotective carotenoids (Eisner et
al. 2003), or with changes in pigment packaging as
cells die (Duyens 1956, Kirk 1975, Ciotti et al. 2002).
During a previous study in Monterey Bay, high ap

slopes were associated with dense populations of
large cells with high pigment packaging (M. McFar-
land unpubl.), while in East Sound it seems more
likely that changes in pigment characteristics as cells
died determined changes in ap slope.

Although the phytoplankton community contained
very different taxa and was far more diverse in 2010,
similar results were found. With the exception of
Community 5, the abundance of large colonial dia -
toms (Chaetoceros socialis in particular) was in verse -
ly related to the cp slope. As these cells died, bp:ap

and the ap slope increased. In this case, dead and
dying cells covered a range of sizes as large colonies
fell apart into single cells or short chains. Contrary to
expectations, these smaller dead cells and colony
fragments were associated with the lowest cp slopes
(Table 1). This result may be owing to the morpho -
logy of large intact C. socialis colonies, which are
several hundred micrometers in size, composed of
curving, intertwined chains of cells, and held to -
gether with multiple long, thin, siliceous setae
(Fig. 1C). This open structure may scatter light in a
similar way to populations of smaller, discrete parti-
cles, resulting in higher cp slopes than would be ex -
pected from theoretical predictions based on the
assumption that particles are solid spheres or ellip-
soids (e.g. Mie theory) with diameters equivalent to
lengths measured by scanning flow cytometry. Such
optical behavior may be attributed to a lack of inter-
action among light waves scattered from individual
components (e.g. setae, frustules) of the colony due

to their physical separation in space. Large porous
aggregates with a low fraction of solid material, such
as C. socialis colonies, can have higher than ex pec -
ted mass-specific attenuation (Boss et al. 2009) and
may also have higher cp slopes. Disintegration of C.
socialis colonies as cells died and possible aggrega-
tion of colony fragments may have resulted in parti-
cles with higher solid fractions and cp slopes lower
than for healthy, intact colonies.

In both years, optical data proved to be an effective
tool for visualizing changes in phytoplankton com-
munity characteristics with high resolution over
small spatial and temporal scales. Autonomous in situ
measurements from the ORCAS profiler enabled
visualization of small-scale features and important
ecological processes that would have been otherwise
very difficult to detect. During 2009, dead Haslea
cells accumulated near the surface rather than sink-
ing. This was visually confirmed by a distinctive sur-
face slick seen throughout the sound at the termina-
tion of the bloom. Dead Haslea sp. cells may have
been positively buoyant due to intracellular accumu-
lation of lipids. Also during 2009, the depth of the
pycnocline corresponded to a minimum in bp:ap val-
ues and high cp slopes (Fig. 6). This suggests that the
thin transition region between low- and high-density
waters contained very few dead cells or large parti-
cles. During 2010, the depth of the pycnocline at
times corresponded to elevated bp:ap values. This
suggests that dying cells were sett ling out of surface
waters and accumulating at the interface between
low- and high-density waters (Alldredge et al. 2002),
a process that may have implications for biogeo-
chemical cycling on a global scale. These small-scale
features would not have been visible by looking only
at measures of total phytoplankton abundance such
as chlorophyll absorption or fluorescence.

The strong relationships found between measured
particles and IOPs suggest that our methods have
accurately measured the majority of optically impor-
tant particulate material. However, it is also possible
that very small particles below the detection limit of
the flow cytometer (0.2 to 2 µm), such as bacteria,
viruses, and colloids, also contributed to some of the
optical variation seen in East Sound. While these par-
ticles are very small, they are also very abundant and
their impact on bulk optical properties remains poor -
ly understood, primarily due to the difficulty of mea-
suring their abundance in situ. If distributions of
these unmeasured particles were correlated with
larger measured particles, their optical significance
could have been underestimated. This may be likely
in the case of bacteria and viruses whose abundance
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could be directly associated with dead and dying
phytoplankton. Alternatively, variation in the abun-
dance of very small, unmeasured particles likely con-
tributed substantially to the optical variation seen
with in each of our communities. Particles smaller
than 0.2 µm would have been included in our mea-
surements of dissolved material and therefore should
not have had an impact on our analyses.

This study provides new evidence that certain
morpho logical and physiological characteristics of
phyto plankton can be derived from in situ optical
measurements to study ecological patterns and pro-
cesses in the ocean, with high resolution. Currently,
the ecological dynamics of phytoplankton communi-
ties over small spatial and temporal scales are poorly
understood. Processes at these scales, however, are
critical to the ecology of individual species and popu-
lations, and to the function of marine ecosystems.
Small-scale structure is often observed as high-
 biomass layers and patches that have distinct taxo-
nomic composition (Rines et al. 2002, McManus et al.
2003, Rines et al. 2010). This suggests that communi-
ties and overall marine ecosystem structure are
shaped by responses of species to different environ-
mental conditions. The resulting ecological hetero-
geneity may be important for generating and main-
taining diversity and to rates of primary production,
carbon export, and transfers of energy through ocean
food webs. Use of optical techniques as demon-
strated here can provide the tools necessary to great -
ly enhance our understanding of phytoplankton eco -
logy at small scales. High-resolution mapping and
monitoring of phytoplankton abundance and charac-
teristics enables localization of growth and mortality
with respect to light intensity, nutrient concentra-
tions, and zooplankton grazer abundance at the
scales important to population dynamics. Phyto-
plankton characteristics and community dynamics
can also be clearly linked to physical water column
structure and hydrographic processes such as up -
welling, stratification, mixing, or lateral intrusion to
explain observed patterns of distribution and abun-
dance. A better understanding of mortality and
bloom senescence is particularly important in the
context of global climate change since, over broader
scales, these processes have a direct impact on the
bio logical pumping of carbon to deep ocean waters
where it can be sequestered for centuries or longer
(Smetacek et al. 2012).

Results show the particulate optical properties of
natural phytoplankton communities clearly vary with
biologically important morphological and physiologi-
cal characteristics of cells and colonies. However, the

relationship between cellular characteristics and
optical properties can be influenced by multiple fac-
tors, and optical data may be difficult to interpret
without additional information. Simultaneous bio -
logical or chemical analyses of discrete samples,
there fore, may be required to accurately determine
eco logical patterns and processes from in situ optical
measurements.
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