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Abstract

Zooplankton and suspended particles were sampled in the upper 100m of the Gulf of Mexico with the High

Resolution Sampler. This towed-platform can concurrently sample zooplankton with plankton nets, an Optical

Plankton Counter (OPC) and the Shadowed Image Particle Profiling and Evaluation Recorder (SIPPER), a

zooplankton imaging system. This allowed for direct comparison of mesozooplankton abundance, biomass, taxonomic

composition and size distributions between simultaneously collected net samples, OPC data, and digital imagery. While

the net data were numerically and taxonomically similar to that of previous studies in the region, analysis of the

SIPPER imagery revealed that nets significantly underestimated larvacean, doliolid, protoctist and cnidarian/

ctenophore abundance by 300%, 379%, 522% and 1200%, respectively. The inefficiency of the nets in sampling the

fragile and gelatinous zooplankton groups led to a dry-weight biomass estimate less than half that of the SIPPER total

and suggests that this component of the zooplankton assemblage is more important than previously determined for this

region. Additionally, using the SIPPER data we determined that more than 29% of all mesozooplankton-sized particles

occurred within 4mm of another particle and therefore would not be separately counted by the OPC. This suggests that

coincident counting is a major problem for the OPC even at the low zooplankton abundances encountered in low

latitude oligotrophic systems like the Gulf. Furthermore, we found that the colonial cyanobacterium Trichodesmium

was the most abundant recognizable organism in the SIPPER dataset, while it was difficult to quantify with the nets.

For these reasons, the traditional method of using net samples to ground truth OPC data would not be adequate in

describing the particle assemblage described here. Consequently we suggest that in situ imaging sensors be included in

any comprehensive study of mesozooplankton.
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1. Introduction

Zooplankton are key mediators of particle flux,
fisheries recruitment and biomass production
within the world oceans (Lenz, 2000). Information
on their abundance and distribution in space and
time are required to accurately predict their
contribution to these processes. Field observations
of zooplankton indicate that they operate along a
continuum of spatial and temporal scales leading
to heterogeneous or ‘‘patchy’’ distribution patterns
(Haury et al., 1977; Omori and Hamner, 1982;
Gallienne et al., 2001). Traditional methods such
as plankton nets, pumps and bottles are limited in
sampling zooplankton over the entire distribution
spectrum, especially at the fine scale (meters to
hundreds of meters, seconds to hours) because of
their integrative nature and the time consuming
task of analyzing individual zooplankton samples.
Additionally, a significant fraction may be under-
sampled by plankton nets because of extrusion
through the net mesh, hang-up within the net, and
destruction of fragile forms such as gelatinous
zooplankton when physically captured (Gallienne
and Robins, 2001; Halliday et al., 2001; Hopcroft
et al., 2001; Warren et al., 2001).
To address these limitations, alternative instru-

ments for sampling zooplankton in situ have been
developed over the last 20 years (Schulze et al.,
1992; Skjoldal et al., 2000; Wiebe and Benfield,
2003). These new devices provide the increased
spatial and temporal resolution necessary to study
the coupling between physical processes and
zooplankton distribution patterns and for model-
ing zooplankton population and tropho-dynamics.
One of the most widely used of these new
instruments is the Optical Plankton Counter
(OPC), with approximately one hundred units in
use throughout the world (Zhou and Tande, 2002).
The OPC provides quantitative measurements of
abundance and size of mesozooplankton-sized
particles (250 mm–2 cm) and can be deployed from
a diverse array of platforms (Foote, 2000).
However, the taxonomic resolution of the OPC is
limited except in low diversity assemblages where
separable peaks in a OPC generated size distribu-
tion might be attributable to a specific species or
developmental stage (Herman, 1992). Conse-
quently, the OPC is most often used to comple-
ment net data by providing high-resolution
information on the spatial distribution patterns
of the net-identified zooplankton. While many
investigators have found rough agreement between
net counts and OPC estimates of zooplankton
abundance (Foote, 2000; Zhou and Tande, 2002),
there have been instances where the OPC and net
abundance estimates have differed significantly
(Grant et al., 2000; Halliday et al., 2001; Sutton
et al., 2001). These differences have been attrib-
uted to extrusion of zooplankton through the
plankton net mesh, counting of detrital aggregates
and or large phytoplankton colonies, and coin-
cident counting where the OPC counts multiple
particles in the light path as a single larger particle
(Woodd-Walker et al., 2000; Zhang et al., 2000;
Halliday et al., 2001).
Advances in zooplankton imaging technology

could help make sense of these conflicting results.
Results from instruments such as the Video
Plankton Recorder (VPR, Davis et al., 1992)
and the Shadowed Image Particle Profiling
and Evaluation Recorder (SIPPER, Samson
et al., 2001) indicate that they can provide
both high quality taxonomic information and
high resolution in the temporal and spatial
domains. Previous comparisons between the VPR
and nets have indicated that they describe similar
distributions for abundant zooplankton groups
(Benfield et al., 1996; Gallager et al., 1996), are
more effective at sampling fragile and gelatinous
forms than nets (Norrbin et al., 1996; Dennett
et al., 2002), and can assess the contribution of
detrital aggregates or ‘‘marine snow’’ to particles
in the mesozooplankton size range (Ashjian et al.,
2001).
This paper compares the abundance and size

distribution of mesozooplankton and suspended
particles sampled by nets and the OPC against
data concurrently collected by the SIPPER in
offshore waters of the Gulf of Mexico. We
hypothesized that the SIPPER should image all
particles within the mesozooplankton size range
that would be resolvable by either the net or the
OPC and act as an independent ‘‘ground truth’’
against the other two sampling systems. The
composition of the mesozooplankton assemblage
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sampled by the SIPPER and plankton nets was
then compared.
2. Methods

Zooplankton were sampled at a station in the
eastern Gulf of Mexico (27�N 86�W, 3km water
depth) with the High Resolution Sampler (HRS), a
comprehensive towed marine particle analysis
platform (Fig. 1; see Sutton et al., 2001 for a full
description). The HRS samples zooplankton
through a square 9.6 cm sampling tube
(92.16 cm2 mouth area) leading to a, 20-position
cod-end net carousel fitted with 162 mm plankton
nets. The nets have an open filtering area to mouth
area ratio of 11:1 and the aluminum sampling tube
precludes retention of organisms. Mounted inline
with the sampling tube was the SIPPER zooplank-
ton-imaging sensor. The sampling tube projects
past the frame of the HRS and has a knife-edge to
minimize any pressure wave that might develop in
front of the aperture to reduce possible avoidance
of the sampler by zooplankton. An OPC with a
rectangular 2� 22 cm sampling aperture (44 cm2

mouth area) was mounted within the frame of the
HRS and a half-meter below the sampling tube.
The OPC was positioned so that it would sample
water that was not influenced by the frame of the
HRS.
Fig. 1. Schematic of the USF HRS and its associated

zooplankton sampling systems. Only one net is shown attached

at the carousel to reduce confusion in the figure.
Both net and electronic zooplankton sampling
are computer controlled on-deck via a custom
designed software interface such that new SIPPER
and OPC files are created and the sensors begin
sampling when a net is triggered open. When a
particular net run is completed and ordered closed,
the files corresponding to that net sample are also
closed, thereby creating two independent samples
that can be compared against the net sample.
Environmental and diagnostic information (CTD,
fluorometer, transmissometer, inclinometer, and
flow-meter data) are continuously recorded on a
separate HRS data file.
A single deployment sampling 10 discrete depths

(10–100m in 10m increments) beginning two
hours after local sunset on July 21, 2000, was
chosen for this study. Each depth was sampled for
10min. The SIPPER and the net system both
collect zooplankton through the sampling tube at
the front of the HRS and therefore sample the
exact same volume of water. 37.9m3 of water was
sampled by these two systems for this study,
averaging 3.79 (70.18)m3 per depth stratum. The
OPC, which was situated below and slightly aft of
the HRS sampling tube, has a sampling aperture
approximately half that of the other two systems,
and filtered a total of 18.39m3 of seawater,
averaging 1.84 (70.09)m3 per depth stratum.
Tow speed was determined with a calibrated flow
meter (TSK Inc.) mounted at the front of the
sampler. It registered a near constant tow-speed of
0.75m s�1. Inclinometer data indicated that the
HRS maintained a near-perfect horizontal attitude
at each depth stratum.

2.1. Net sample treatment

Zooplankton collected in the nets were fixed
immediately in 5% v:v buffered formalin upon
recovery of the sampler and stored for later
analysis in the laboratory. Net samples were split
into subsamples, when necessary, with a Motoda
splitter for analysis of approximately 1000 indivi-
dual organisms per sample. Identifications were
carried out to species when possible for copepods
and to major group for the other taxa with a
dissecting microscope. The cyanobacteria Tricho-

desmium was noted if present but was not
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enumerated, as it tends to be difficult to wash off
the net mesh making quantitative analysis difficult.
Zooplankton were measured to total length by

methods described in Hopkins (1981). Equivalent
spherical diameter (ESD) was calculated for
individuals of each taxon with Optimas (Media
Cybernetics, version 6.5) image analysis software
and a video camera connected to the microscope
for comparison with OPC and SIPPER size
measurements. Optimas determines ESD by mea-
suring the area of an object and then calculating
the diameter of a sphere with the same area.
Regressions for calculating ESD from total lengths
for each taxon were then calculated and applied to
each net sample. Sample biovolume (SBV) was
calculated for each sensor according to the
equation

SBV ¼ k
Xn

i¼1

p
6
ðESDiÞ

3

" #
; ð1Þ

where k is the sub-sample ratio, n the number of
individuals, and ESDi the ESD of the ith
individual (Labat et al., 2002). Biomass for net
and SIPPER samples was calculated from regres-
Table 1

Dry weight biomass regressions from oceanic waters of the Gulf of M

Group Dry weight regressions

(mg DW)

Correlation

(r2)

Copepod DW=0.0085(ML)3.1007 0.988

Chaetognath DW=0.0002(TL)3.1612 0.971

Cnidaria DW=0.0029(ESD)2.2851 0.868

Decapod and

euphausiid

DW=0.001(TL)3.1331 0.977

Doliolid and salp DW=0.0108(TL)1.6307 0.986

Larvacean DW=0.0164(HL)2.0922 0.995

Meroplankton DW=0.0041(ESD)2.31 0.881

Mollusc DW=.0296(ESD)1.5646 0.878

Other crustaceans DW=0.0505(TL)1.8223 0.982

Polychaete DW=0.0091(TL)1.801 0.977

Siphonophore DW=0.0088(TL)0.0414 0.981
sions determined for zooplankton from the Gulf of
Mexico by our laboratory (Table 1).

2.2. SIPPER data analysis

The SIPPER is a continuously imaging zoo-
plankton sensor that records two dimensional,
high resolution images of zooplankton and other
suspended particles prior to sampling by the HRS
plankton nets (for a full description of SIPPER,
see Samson et al., 2001). The SIPPER works by
projecting a collimated laser light sheet perpendi-
cular to seawater flow through the sampling tube
of the HRS and continuously imaging the outlines
and shadows of particles as they pass through the
sheet with two line-scan camera systems mounted
orthogonal to each other. In this manner, pairs of
digital images are created for each particle passing
through the sensor. Because zooplankton will be
randomly oriented as they pass through SIPPER,
the use of two orthogonally mounted cameras
significantly increases the possibility that at least
one camera will capture an image of a zooplankter
in a recognizable orientation. Line-scan cameras
build an image one line at a time, and because the
particle flow through the SIPPER/net sampling
exico

Notes

ML=metasomal

length

Combination of 38 copepod taxa in

the NE Gulf of Mexico

HL=head length

Mostly echinoderm bipinnaria and

plutei

Mostly pteropods and some

heteropods

Mostly ostracods and some

amphipods

Combination of unid. polychaetes and

Tomopteris sp.
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Fig. 2. Diagram illustrating the general concept of the SIPPER

line-scan camera system. A cumulative image of the sample

volume is built of many individual single scan lines. In this

figure, multiple scan lines are included in the ‘‘single scan line’’

frames in order to minimize the number of single scan line

frames illustrated.
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tube is unidirectional, each particle can only be
imaged once. Fig. 2 demonstrates the concept of a
single line-scan camera system. Real time thresh-
olding of the image volume and final storage of the
image data as black and white bitmap images
improves data storage and reduces post-processing
steps such as edge detection.
Image resolution is determined by the line scan

camera pixel array size in one dimension (in this
case 9.6 cm divided by 2048 pixels in the camera
array allows for 47 mm resolution) and the flow
speed through the sample tube divided by the line
scan rate of the camera system in the other (in this
case B0.75m s�1 divided by 15,000 line scans a
second allows for an average pixel dimension of
50 mm). Therefore, pixels used for SIPPER ima-
ging were almost perfectly square with dimensions
of 47� 50 mm. This was confirmed by comparing
the size of large unique organisms from the
SIPPER dataset with the actual organisms from
the concurrent net sample.
Because the SIPPER is a high-resolution con-

tinuously imaging sensor, a significant amount of
data is generated and recorded every second. Black
and white image data were recorded at approxi-
mately 8megabytes s�1, with each raw SIPPPER
file averaging 4.8 gigabytes total. Fortunately,
SIPPER data is perfectly suited for run-length
encoding compression algorithms whereby long
runs of identical binary data can be represented by
much shorter binary descriptions resulting in
significant data storage savings (up to 277� ).
When decompressed, each SIPPER file can be
thought of as a ‘‘strip chart’’ the length of each
sampling run (B0.5 km) and a width of 9.6 cm
with images of every organism and particle that
passed through the sample tube recorded in the
approximate spatial distribution that existed in
situ but expressed in two dimensions.
Custom region-of-interest (ROI) extraction soft-

ware developed using LabWindows/CVI (National
Instruments) was used to detect and create
bitmaps of zooplankton and particles of a user-
defined size and greater. The routine first divides
the SIPPER data into a number of convenient,
2048� 2048 pixel ‘‘frames’’, each of which is
equivalent to approximately 1/7th of a second of
sampling or 10.24 cm (Fig. 3). ROIs were then
located in each frame and extracted. For this
study, ROIs were extracted that were larger than
250 mm ESD. A preprocessing digital dilation step
ensured that organisms and particles with non-
contiguous boundaries were included in the ROI
extraction but would still be counted as a single
particle. This ensured that almost all particles
greater than 250 mm ESD were extracted from the
raw SIPPER file.
Extracted, non-processed particle images were

then viewed with a thumbnail browsing program
(Thumbs Plus, Cerious Software). Recognizable
plankton images were manually classified into 13
groups (Fig. 4) and unrecognizable particles were
placed into a separate unidentified class. Marine
snow was included in the unidentified class.
Trichodesmium colonies were included as a plank-
ton class because of their high abundance in the
SIPPER dataset and large individual size. Because
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Fig. 3. 2048� 2048 pixel frame illustrating the large sampling area of SIPPER and its image quality. The dashed line represents the

dimensions of the ‘‘pseudovolume’’ used to estimate OPC coincidence (4.6� 9.6� 0.4 cm). Scale bar is equivalent to 1 cm.
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of the high diversity of the zooplankton assem-
blage in the deepwater Gulf of Mexico (e.g. Ortner
et al., 1989 identified 133 separate zooplankton
species) we did not attempt to use SIPPER to
identify organisms to species even though some
species with characteristic features were easily
recognized. ROIs of organisms that spanned
multiple frames were identified manually and
spliced back together after the extraction routine
was ended. Each separate class was then analyzed
with Optimas running a custom macro that
collected size and morphological information from
each ROI including ESD. The location of each
ROI within the SIPPER sampling transect was
recorded on a separate data file. Locations were
then checked against each other to ensure that no
particle was counted more than once. SIPPER
data were not sub-sampled. Because of the large
number of images that had to be manually
classified, only images from one of the two
orthogonal views were used for this study.
2.3. OPC data analysis

A detailed explanation of the design and
operation of the OPC is found in Herman
(1992). Basically the OPC measures the amount
of light blocked by the area of a particle as it
passes through a collimated light sheet between the
transmitter and receiver. The blocked light signal
is digitized and converted into a size measurement
in the form of an ESD. The OPC is capable of
resolving particles 250 mm ESD and greater in size
(Herman, 1988, 1992), but is vulnerable to
coincident counting at high particle concentrations
(undercounting multiple particles that pass
through collimated light sheet at the same time)
and has difficulty accurately describing the size of
translucent organisms (Zhang et al., 2000; Grant
et al., 2000). OPC determined particle size data
were binned into 100 mm ESD groups (300–
5000 mm) for comparison with the net and SIPPER
zooplankton data.
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Fig. 4. Representative SIPPER images of the 13 enumerated plankton groups. Groups A–F are from left to right, with group code in

parentheses: (A) other crustaceans (Crus), (B) copepods (Cope), (C) larvaceans (Larv), (D) Trichodesmium sp. (Tric), (E) protoctists

(Prot), (F) echinoderm larvae (Echi). Scale bar for these groups is equivalent to 2.5mm. Groups G–M are, from left to right: (G)

chaetognaths (Chae), (H) cnidarians and ctenophores (Cnid), (I) euphausiids and decapods (Euph), (J) Polychaetes (Poly), (K)

Mollusks (Moll), (L) other tunicates (Tuni) and (M) siphonophores (Siph). Scale bar for these groups is equivalent to 5mm.
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3. Results

3.1. Hydrographic conditions

Summertime conditions in the northeast Gulf of
Mexico are usually stable with the exception of
quasi-annual intrusions of the Loop Current and
associated eddies (Maul and Vukovich, 1993;
M .uller-Karger, 2000) and even rarer incursions
of low salinity surface plumes from the Mississippi
River outflow (M .uller-Karger et al., 1991; M .uller-
Karger, 2000) that might influence the zooplank-
ton assemblage (Ortner et al., 1995). Temperature
and salinity profiles collected during this study
(Fig. 5) indicated the water being sampled as Gulf
Common Water (GCW, Vidal et al., 1994). This is
differentiated from Subtropical Underwater
(SUW) being transported by the Loop Current
by the depth of the 22�C isotherm. In GCW the
22�C isotherm is found between 50 and 100m
whereas in the Loop Current it is found below
150m (Austin and Jones, 1974). The seasonal
thermocline was located between 25 and 30m
depth. Salinity profiles (Fig. 5) and satellite data
indicated no influence from the Mississippi River.
The deep chlorophyll maximum (DCM) was at
approximately 65m near the salinity maximum,
and there was very low chlorophyll biomass
throughout the rest of the epipelagic zone based
on both in situ fluorescence and extracted chlor-
ophyll (Fig. 5).

3.2. Mesozooplankton and mesozooplankton sized

particle abundance

The vertical distribution pattern of mesozoo-
plankton and mesozooplankton-sized particles
was described similarly by all three sampling
methods (Fig. 6). There was a peak in abundance
at 10m and a secondary maximum at 40m. The
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Fig. 5. Temperature, salinity, fluorescence and extracted chlorophyll (denoted by �) profiles (0–200m) from the study site.
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major difference was in the total number of
particles sampled by each method. The SIPPER
recorded the highest numbers of mesozooplank-
ton-sized particles at all depths sampled when
compared against the results of the nets and the
OPC. The SIPPER data were separated into two
abundance estimates: (1) total number of extracted
ROI images with a greater than 250 mm ESD
‘‘particle’’ (SIPPER total) and (2) those ROIs that
could be identified as planktic organisms (SIPPER
i.d.). A total of 174,699 SIPPER ROIs were
extracted and manually examined from the
100min of SIPPER data. Most of these images
contained unrecognizable particles and only 28%
of the total (48,931 plankton images) could be
classified into one of the 13 plankton groups. The
proportion of SIPPER i.d. to SIPPER total ranged
from 41% at 10m to 17% at 100m (Table 2).
Plankton net estimates of mesozooplankton abun-
dance were the lowest at each depth sampled
relative to the other sampling methods. Net counts
on average equaled only 13% of the SIPPER total,
24% of the OPC total and 49% of SIPPER
identified plankton abundance.
The OPC consistently sampled approximately

half the number of particles that the SIPPER
imaged at all depths.

3.3. OPC abundance correction and coincidence

frequency

Assuming particles were randomly distributed
within the water column, Sprules et al. (1992)
derived a formula describing the probability of
two or more particles occurring within the
sampling beam of the OPC at the same time
given a known particle concentration. They
determined that coincidence would be a significant
source of error for all but the lowest zooplankton
densities. To determine if coincidence was res-
ponsible for the low OPC counts relative to
the SIPPER total, we modified the formula of
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Fig. 6. Numerical abundance estimates of the three zooplankton sampling methods. SIPPER abundances are broken down into total

number of ROIs with a larger than 250mm particle (SIPPER total) and those imaged particles that could be classified into one of the 13
plankton groups (SIPPER i.d.). All estimates have been normalized to volume filtered.

Table 2

Abundance (numberm�3) of mesozooplankton sized particles as estimated by the 162mm net system, SIPPER and the OPC

Depth (m) Net counts SIPPER

total

SIPPER

identified

images

OPC

counts

Net

counts/

SIPPER

total (%)

SIPPER

identified/

SIPPER

total (%)

OPC

counts/

SIPPER

total (%)

10 1537 7397 3508 4335 21 47 59

20 1117 6634 1591 3320 17 24 50

30 374 5849 1404 3497 6 24 60

40 756 5855 1487 3529 13 25 60

50 431 5428 1106 2983 8 20 55

60 664 4811 1372 2640 14 29 55

70 371 3864 742 2139 10 19 55

80 279 2428 727 1365 11 30 56

90 359 1877 591 942 19 31 50

100 171 1657 276 831 10 17 50

SIPPER counts are split into total ROIs with a greater than 250mm ESD particle within it, and those images that could be classified

into one of the 13 plankton groups. Performance of the net system, SIPPER identified plankton and the OPC are all compared against

the SIPPER total.
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Woodd-Walker et al. (2000) using SIPPER
total counts normalized to volume sampled as
the known concentration of OPC detectable
particles in the OPC light beam. The average
number of particles in the OPC beam (m) is
determined by

m ¼ C � V ; ð2Þ
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where C was the concentration of particles greater
than 250 mm in the SIPPER total for each depth
and V was the volume of the OPC beam
(220mm� 20mm� 4mm or 17.6ml). The average
number of particles recorded by the OPC (av. no.)
is calculated by the equation:

OPC av: no: ¼ 1� e�m ð3Þ

(Woodd-Walker et al., 2000). The coincidence
factor can then be calculated by dividing the
average number of particles in the OPC beam by
the average number of particles recorded by the
OPC (coincidence factor=m/OPC av. no). For
this study, the coincidence factor ranged from 1.01
to 1.06 indicating that coincidence should have
been a rare occurrence within the OPC if the
particles were randomly distributed at the con-
centrations sampled by SIPPER (1–8 particles l�1).
To investigate further, we created a ‘‘pseudovo-

lume’’ within the SIPPER image dataset equivalent
to the volume sampled by the OPC at any one
instant. Because the sampling area of the SIPPER is
approximately twice that of the OPC and of
a different geometry, we used a sub-sample of
the SIPPER imaging window that was 4.6 cm�
9.6 cm� 0.4 cm to create a sampling volume of
17.6ml, equivalent to that of the OPC. We
calculated the distance between each particle from
its neighbors within the ‘‘pseudovolume’’ to deter-
mine which particles would be affected by coin-
cident counting (this can be visualized in Fig. 3,
Table 3

OPC normalized particle abundance, theoretical coincidence facto

corrected OPC particle abundance

Depth (m) OPC countsm�3 Coincidence

factor

SIP

est

coi

10 4335 1.06 33.

20 3320 1.05 38.

30 3497 1.05 33.

40 3529 1.05 30.

50 2983 1.04 27.

60 2640 1.04 23.

70 2139 1.03 24.

80 1365 1.02 21.

90 942 1.02 22.

100 831 1.01 23.
where a copepod and two Trichodesmium colonies
occupy the dotted box representing the ‘‘pseudovo-
lume’’ dimensions), if the SIPPER were to sense
particles like the OPC. On average, 29% of SIPPER
imaged particles of OPC detectable size had a
neighbor closer than 4mm and therefore would not
be individually counted by the OPC (Table 3). By
correcting for the estimated coincidence frequency,
OPC abundance values were recalculated and
agreed more closely with the SIPPER total. The
large number of close-together particles suggests
that their distribution was not random.

3.4. Size frequency

The cumulative size-frequency distributions of
the three sampling methods demonstrated large
differences in sampling performance (Fig. 7).
While each sampling method was able to discern
the same exponential decrease in abundance with
increasing size, the SIPPER was able to detect far
more particles than either the net or OPC for a
given size class. Much of the discrepancy between
the SIPPER total and SIPPER i.d. abundances
could be attributed to the large number of less
than 0.5mm ESD particles that could not be
identified. This was most likely due both to the
large numbers of small-suspended particulates in
the water column and also the minimum size
resolution of identifiable objects in the SIPPER
dataset. While the SIPPER can image very small
r, SIPPER estimated coincidence percentage, count loss and

PER-

imated

ncidence (%)

Counts lost to

coincidence

Corrected OPC

countsm�3

6 1458 5793

3 1270 4591

0 1154 4651

1 1063 4591

1 808 3791

6 624 3264

7 539 2668

9 299 1664

2 209 1152

3 194 1025
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Fig. 7. Cumulative size-frequency distribution spectra for the three sampling sensors (300–5000mm ESD). Data was normalized to

volume filtered for each depth.

Fig. 8. Proportion of SIPPER identified plankton to the SIPPER image total per 100mm ESD size class.

A. Remsen et al. / Deep-Sea Research I 51 (2004) 129–151 139
particles, the pixel size of 50 mm limits its ability to
adequately describe small plankton organisms.
Note that only 10 pixels would comprise the
length of a 500 mm long organism, and therefore
many small zooplankters were probably not
identified as such in the SIPPER total dataset
due to lack of resolvable characteristics. This
concept is illustrated in a graph plotting the
proportion of identifiable plankton images versus
the SIPPER total (Fig. 8). This proportion rose
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steadily with particle size, such that at ESDs over
2mm, over 80% of the SIPPER ROIs were of
identifiable plankton.
The inability of the OPC and nets to detect and

sample the smallest size classes in the same
magnitude as the SIPPER was most likely due to
the inefficiency of the net in sampling the smallest
zooplankton and suspended particulates due to
extrusion through the net mesh (Gallienne et al.,
2001; Hopcroft et al., 2001) and to approaching
the 250 mm ESD detection limit for the OPC. Both
the net and OPC additionally displayed a systema-
tic abundance difference of up to an order of
magnitude less at each size class compared to the
SIPPER datasets, indicating that these differences
were not size dependent.

3.5. SBV estimates

Differences in both the abundance and size
distribution of the three datasets led to large
differences in the SBV estimated by each sensor
(Fig. 9). Because the main discrepancy in the
SIPPER i.d. to SIPPER total abundance estimates
was from the smallest size classes, the biovolume
Fig. 9. Cumulative SBV (mm3 10m�3) versus size (300–5000mm E

transformed (n þ 0:1).
difference between the two was much less than the
abundance difference due to the minimal contri-
bution small particles or organisms make to the
biovolume total. Thus, while the identified plank-
ton of the SIPPER i.d. dataset made up only 28%
of the SIPPER total particle abundance, they
made up 79% of the SIPPER total biovolume. Net
and OPC SBV were only 11% and 23% of the
SIPPER total, respectively, and 13% and 29% of
the SIPPER i.d. biovolume.

3.6. The problem of Trichodesmium

Ideally, the taxonomic composition of the net
and SIPPER i.d. datasets should be identical.
However, this was not the case, as the advantages
and disadvantages of each system in sampling
different components of the plankton were man-
ifested in significantly different descriptions of the
assemblage. Firstly, the colonial cyanobacteria
Trichodesmium sp. formed the most abundant
plankton class in the SIPPER dataset, especially
at 10m where it was found at concentrations
greater than 1800 coloniesm�3, but were not
quantified in the net samples. Trichodesmium is a
SD) distribution. A logarithmic scale is used and the values
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Fig. 10. Zooplankton abundance (numbersm�3) profile determined from the net and SIPPER after Trichodesmium abundance was

separated from the SIPPER i.d. dataset.
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filamentous phytoplankton that is difficult to
enumerate in zooplankton net samples because of
its fragility and tendency to stick to the net mesh.
The opacity and large size (0.5–4mm ESD) of
Trichodesmium colonies made them readily detect-
able by SIPPER and, most likely, the OPC. Those
colonies that might have been fragmented or
disrupted in the SIPPER sampling tube, and
single trichomes (which image as long strands),
were not counted as Trichodesmium in the SIPPER
dataset. Removing the Trichodesmium images
from the SIPPER i.d. dataset yielded zooplankton
counts B50% higher than that from the nets
(Fig. 10).

3.7. Taxonomic composition—SIPPER vs. nets

The taxonomic composition of the zooplankton
assemblage sampled by the two sampling methods
varied even more considerably than the abun-
dance. Data comparing zooplankton composition,
abundance and biomass from the nets and
SIPPER are presented in Tables 4 and 5,
respectively. Copepods dominated the net samples,
contributing 63.7% of the abundance and 36.4%
of the biomass. Larvaceans (17.4%) were the only
other significant contributor to the net abundance
total, with the other tunicate class, comprising
doliolids and salps, and the protoctista class,
comprising mainly acantharians, radiolarians and
tintinnids, contributing between 4% and 5% each.
No other zooplankton class contributed more than
2.5% to the net-sample abundance total. Because
of their large individual size, euphausiids and
decapods were the second largest biomass compo-
nent in the net samples, contributing slightly less
(31.8%) than the copepods. Other crustaceans
(comprising amphipods, cladocerans and ostra-
cods), the other tunicates class, and siphonophores
all contributed between 6% and 9% to the total
net collected biomass, mostly based on their larger
individual size. No other zooplankton group
contributed more than 3.5% to the total biomass
in the nets.
Six zooplankton groups were found to be

significantly more abundant in the SIPPER i.d.
dataset than the concurrent net estimates
(Fig. 11a) according to paired t-tests (Zar, 1984).
These taxa can be broadly grouped as fragile and
or gelatinous zooplankton that are easily damaged
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Table 4

Net estimated abundance (numberm�3) and biomass (mgm�3) of zooplankton groups

Depth (m) Chaetognath Cnidarians

and

ctenophores

Copepod Decapod and

euphausiid

Other

tunicates

Larvacean Echinoderm

plutei and

bipinnaria

Mollusc Other

crustaceans

Polychaetea Protoctista Siphonophoresa

10 19 (1.23) 4 (—) 1039 (13.15) 9 (6.73) 31 (3.39) 280 (0.99) 8 (0.01) 42 (0.62) 16 (1.70) 5 (0.01) 66 (NA) 17 (4.45)

20 15 (0.66) 5 (0.02) 775 (6.12) 3 (1.32) 15 (1.54) 161 (0.68) 4 (—) 63 (0.31) 13 (0.56) 2 (0.58) 51 (NA) 9 (0.81)

30 15 (0.7) 3 (0.02) 206 (2.65) 9 (12.12) 14 (0.43) 74 (0.31) 5 (—) 11 (0.14) 17 (1.92) 3 (0.01) 15 (NA) 5 (0.22)

40 22 (1.21) 3 (0.01) 462 (7.48) 8 (5.45) 24 (0.29) 159 (0.54) 3 (0.01) 6 (0.06) 21 (1.43) 1 (0.01) 37 (NA) 11 (0.73)

50 6 (0.94) 4 (0.02) 246 (5.36) 7 (1.19) 30 (0.37) 82 (0.29) 2 (—) 9 (0.18) 10 (0.49) 9 (0.28) 17 (NA) 10 (1.38)

60 8 (0.08) 4 (0.01) 289 (8.23) 3 (12.52) 133 (2.10) 162 (0.62) 3 (—) 14 (0.11) 18 (2.17) 2 (0.02) 21 (NA) 8 (0.63)

70 3 (0.17) 4 (0.01) 237 (2.99) 4 (0.53) 13 (0.52) 64 (0.21) 3 (—) 8 (0.04) 11 (0.93) 3 (0.01) 21 (NA) 3 (1.99)

80 4 (0.07) 3 (0.01) 199 (3.23) 2 (0.54) 4 (0.22) 41 (0.16) 2 (—) 2 (0.08) 9 (0.65) 4 (0.02) 8 (NA) 1 (0.02)

90 4 (0.10) 4 (0.01) 293 (2.88) 6 (6.00) 6 (0.11) 14 (0.05) 3 (—) 1 (0.05) 16 (2.41) 3 (0.01) 8 (NA) 2 (0.47)

100 2 (0.06) 2 (—) 121 (1.19) 3 (5.19) 1 (0.03) 16 (0.06) 8 (—) —(—) 13 (1.24) 1 (—) 4 (NA) 1 (0.24)

Total 97 (5.21) 35 (1.24) 3866 (53.29) 54 (51.61) 271 (9.00) 1052 (3.92) 42 (0.04) 155 (1.59) 143 (13.49) 33 (0.94) 247 (NA) 65 (10.93)

‘—’ indicates less than 0.01mgm�3.

NA indicates biomass not determined for that group.
a indicates that body segments found in net counted as individuals.

Table 5

SIPPER estimated abundance (numberm�3) and biomass (mgm�3) of zooplankton groups

Depth (m) Chaetognath Cnidarians

and

ctenophores

Copepod Decapod and

euphausiid

Other

tunicates

Larvacean Echinoderm

plutei and

bipinnaria

Mollusc Other

crustaceans

Polychaete Protoctista Siphonophores

10 22 (1.78) 117 (2.66) 537 (12.79) 11 (7.76) 81 (24.12) 608 (4.06) 16 (0.03) 16 (0.37) 16 (1.54) 5 (1.57) 257 (NA) 12 (3.7)

20 22 (1.75) 59 (2.11) 446 (7.58) 3 (2.77) 51 (11.89) 407 (3.37) 12 (0.02) 10 (0.11) 10 (1.24) 5 (0.97) 140 (NA) 23 (3.02)

30 27 (1.15) 73 (3.06) 258 (4.25) 13 (8.93) 122 (18.42) 466 (3.66) 8 (0.01) 9 (0.17) 15 (1.82) 4 (1.93) 145 (NA) 18 (3.93)

40 31 (0.89) 53 (0.75) 303 (7.90) 10 (5.27) 203 (18.95) 398 (2.83) 11 (0.02) 12 (0.09) 27 (3.10) 1 (0.17) 180 (NA) 7 (1.45)

50 8 (0.37) 50 (0.87) 284 (8.02) 4 (1.05) 180 (16.88) 265 (1.79) 10 (0.02) 13 (0.17) 14 (1.90) 5 (2.91) 137 (NA) 5 (0.63)

60 10 (0.37) 79 (1.01) 239 (8.61) 3 (8.39) 288 (19.20) 436 (2.77) 6 (0.02) 9 (0.12) 19 (2.50) 2 (1.14) 94 (NA) 10 (1.99)

70 9 (0.27) 32 (0.39) 195 (8.12) 3 (0.24) 61 (6.63) 173 (1.15) 3 (—) 5 (0.06) 9 (1.38) 1 (0.05) 112 (NA) 7 (1.05)

80 7 (0.43) 17 (1.06) 125 (3.65) 4 (1.53) 26 (1.99) 231 (1.36) 4 (—) 2 (0.25) 11 (2.16) 1 (0.43) 87 (NA) 8 (1.94)

90 7 (0.47) 17 (0.59) 88 (2.79) 3 (4.39) 12 (0.70) 143 (0.61) 6 (—) 4 (0.12) 11 (1.49) 1 (0.01) 83 (NA) 23 (6.48)

100 3 (0.10) 8 (0.35) 57 (1.32) 4 (6.31) 5 (0.17) 71 (0.36) 54 (0.04) 1 (0.01) 4 (1.78) 1 (0.21) 54 (NA) 22 (5.69)

Total 145 (7.59) 505 (12.85) 2532 (60.25) 56 (46.63) 1029 (119.07) 3199 (21.95) 130 (0.18) 80 (1.47) 135 (18.91) 23 (9.38) 1289 (NA) 134 (29.87)

‘—’ indicates less than 0.01mgm�3.

NA indicates biomass not determined for that group.
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Fig. 11. (a) SIPPER (dotted line) and net (solid line) numerical abundance estimates of zooplankton groups with significant differences

between the two sampling systems (paired t-test, po0:05). (b) SIPPER (dotted line) and net (solid line) numerical abundance estimates
of zooplankton groups with no significant differences between the two sampling systems (po0:05).
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or disrupted on encountering a net. These included
4 out of 5 of the most important numerical
contributors to the SIPPER i.d. assemblage.
Larvaceans were the numerical dominant, con-
tributing 35.6% to the total and were more than
3� more abundant than the net total. Three other
fragile zooplankton groups (protoctista, other
tunicates and cnidarians/ctenophores) were im-
portant numerically, each contributing between
5% and 14% to total zooplankton abundance.
Copepods were the only important non-fragile
zooplankton group and were the second highest
contributor (27.7%) to the SIPPER i.d. abundance
total. The differences in abundance between
SIPPER and the nets for the fragile and gelatinous
zooplankton ranged from just over, 200% for the
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siphonophores to over 1400% for the cnidarians
and ctenophores. However, the difference in
siphonophore abundance was probably much
higher, as individual bracts or nectophores found
in net samples were counted as individuals whereas
SIPPER imaged and counted whole organisms.
This was also the case for polychaetes, which often
were found broken up into segmented parts in the
nets. The six other zooplankton groups, compris-
ing mainly more robust taxa such as crustaceans,
were sampled similarly by both the net and
SIPPER and showed no appreciable difference in
abundance (Fig. 11b).
Doliolids and salps, which made up the other

tunicate class, were the biomass dominant in the
SIPPER dataset, contributing 37% to the total.
Examination of the SIPPER imagery and con-
current net data revealed that this group was
dominated by Dolioletta gegenbauri or a similar
congener, that made up more than 90% of the
total. Interestingly, the large biomass difference
(12.2� ) between the SIPPER and net for this class
was due not just to significant loss of individuals
through the net mesh from extrusion or disruption
(3.8� more of this class were found in the
SIPPER imagery), but also to loss of reproductive
tissue. In the upper 60m, a large proportion (33%
mean, range: 22–39%) of the doliolids were of the
asexually reproducing oozoid stage (Fig. 4L),
which have a lengthened dorsal process or
appendix that bears budding blastozooids that
form the next stage in the doliolid life cycle. Very
few doliolids observed in the net samples bore an
intact dorsal process. Copepods (18%) and the
euphausiids and decapod class (14%) each con-
tributed over 10% to the SIPPER biomass total,
while siphonophores (9%), larvaceans (7%) and
other crustaceans (6%) contributed more than
5%.
Vertical distribution patterns of specific zoo-

plankton groups sampled by both the nets and
SIPPER were usually similar, even when the
abundance estimates were quite different. For
example, while doliolids and salps were signifi-
cantly under-sampled by the nets compared to
SIPPER, both instruments sampled an abundance
maximum at the DCM much higher than at any
other depth. However, for some zooplankton
groups, SIPPER proved invaluable for describing
both abundance and vertical distribution patterns
that the nets did not resolve. For example,
cnidarians and ctenophores were extremely abun-
dant in the SIPPER dataset and demonstrated a
strong bimodal distribution with maxima at 10
and 60m, but were virtually absent within the net
samples. Additionally, most cnidarians and cteno-
phores collected in nets are unidentifiable, espe-
cially after fixation. In contrast, within the
SIPPER dataset, many individual cnidarian and
ctenophore taxa could be enumerated to genus or
even species. For example, we were able to
determine that the narcomedusae Solmundella

bitentaculata or a similar congener was the most
abundant identifiable cnidarian in the depth
ranges sampled.

3.8. Total biomass

Total biomass (0–100m) determined from SIP-
PER data was more than twice that determined
from the net data (3417mgm�2 DW vs.
1592mgm�2 DW), but the vertical biomass
distribution pattern was similar. Most of the
biomass difference was explained by the under
representation of the fragile taxa in the net
samples. The fragile and gelatinous zooplankton
groups enumerated from the SIPPER dataset
contributed greater biomass (B1937mgm�2

DW) than the entire zooplankton assemblage
sampled by the nets. Biomass did not include the
protoctista class, which consisted of organisms
with mineral skeletons or tests that may have
biased the results. Because the protoctista class
was more than 4� more abundant in the SIPPER
dataset than the nets, the true biomass difference
was probably even greater.

3.9. Taxonomic differences in size distribution

Generally, the three sampling systems showed
very little correspondence between particle abun-
dance of a given size class (Fig. 12, left graphs),
but some trends were apparent. Even though the
absolute totals were very different, between 60%
and 70% of the total net, OPC and SIPPER
unidentified particle abundance consisted of
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Fig. 12. Cumulative abundance of mesozooplankton sized particles or mesozooplankton determined by the three sampling methods

separated into 500mm size classes (left graphs). SIPPER data was separated into identified plankton and unidentified particles.

Numerical abundance of the 13 plankton classes was calculated for each size class for the net samples and the SIPPER i.d. dataset

(right graphs).
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particles between 250 and 500 mm ESD and
between 91% and 96% of the total were made
up of particles less than 1mm ESD. In contrast,
only 73% of the SIPPER identified plankton were
less than 1mm ESD and the smallest size class
contributed less than 26% of the total. The
number of SIPPER identified plankton increased
with size relative to the other three datasets. For
example, SIPPER i.d. abundance at the largest size
class (>2500 mm ESD) outnumbered nets, OPC
and the SIPPER unidentified datasets by 6.8� ,
7.5� and 15.5� , respectively.
Small zooplankton made up the majority of

zooplankton sampled by both SIPPER and the
nets, although the relative importance of larger
forms was much greater in the SIPPER i.d. dataset
(Fig. 12, right graphs). Whereas only 8.4% of the
net collected zooplankton were larger than 1mm
ESD, more than 25% of the SIPPER imaged
zooplankton were larger than this size. This
difference was especially pronounced in the fragile
and gelatinous zooplankton groups that were
under sampled by the nets, such as the other
tunicates class, where more than 74% of the
SIPPER imaged organisms were larger than this
size class compared to only 21% for those
collected by the nets. However, this trend was
also found for some of the zooplankton groups
that showed no sampling bias in their abundance
estimates. More than 90% of the net collected
polychaetes were smaller than 0.5mm ESD, while
more than 80% of the SIPPER imaged poly-
chaetes were larger than 1mm ESD. Similarly for
planktic mollusks, more than 95% of the net
collected individuals were less than 1mm ESD
compared to only 47% for SIPPER.
4. Discussion

The disparate results between the three sampling
methods is at first confusing given that the nets
and the SIPPER sampled the exact same water
volume and the OPC was sampling less than a
meter away. This likely precludes the possibility
that micro-scale patchiness affected these differ-
ences. The SIPPER provided a picture of a
zooplankton assemblage both more numerous
and diverse than either of the other methods.
While the majority (B67%) of SIPPER extracted
images could not be identified, those that were still
significantly outnumbered organisms collected by
the nets at most depths.
The number of unidentified particles in our

dataset is comparable to that of other investigators
using in situ imaging sensors. For example,
Ashjian et al. (2001) were not able to classify
43% of VPR images collected during three cruises
to Georges Bank. Additionally, they included
marine snow as a class that comprised over 71%
of their classified images. In contrast, we did not
separate marine snow from our unclassified group.
While many of these particle images were of
identifiable marine snow such as cast-off larvacean
houses, diatom rafts and fecal pellet strings, the
majority of our unclassified images were of
particles less than 1mm ESD that lacked any
resolvable characteristics to aid in identification.
This was partly a problem of the imaging
resolution of the SIPPER in that each pixel was
approximately 50 mm square. A small copepodite
or copepod nauplius measuring 400 mm TL would
be imaged by the SIPPER but would be comprised
of such a few number of pixels that identifying it as
such is impossible with the present SIPPER
configuration. Hopkins (1981), studying zooplank-
ton at the same station as this study, found that
metazoan plankton under 1mm total length
sampled from bottle casts outnumbered metazoan
plankton >1mm caught in a 162 mm plankton net
by 35� and were made up primarily of copepod
nauplii and copepodites. Thus, it is possible that a
large percentage of the small-unidentified particles
in the SIPPER dataset were of small zooplankton
such as copepod early life stages. While we did not
use data from the second camera of SIPPER for
this study (which imaged orthogonal to the first), it
may have assisted in identifying some of these
smaller particles as well.
A substantial number of the larger classified

images extracted from the SIPPER dataset were of
Trichodesmium colonies, especially at 10m where
they outnumbered both the SIPPER and net
zooplankton abundance estimates. Trichodesmium

is an important component of tropical and
subtropical oceanic ecosystems, contributing a
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significant amount of new nitrogen to otherwise
impoverished waters (Capone et al., 1997; Karl
et al., 1997). Furthermore, Trichodesmium has
been implicated in contributing to the initiation of
harmful algal blooms of the dinoflagellate Karenia

brevis (Lenes et al., 2001) in the Gulf of Mexico.
Typically, the abundance and vertical distribution
of Trichodesmium are determined with water
bottles or drift nets, which are limited in their
ability to detect it at low concentrations, can
damage or distort specimens, and are prone to
sampling error due to the small volumes sampled
(Chang, 2000). Because SIPPER samples a larger
volume of water, it can detect Trichodesmium at
much lower concentrations than these traditional
methods.
Other investigators using optical methods to

investigate zooplankton distributions have also
found that large colonial phytoplankton such as
diatoms can dominate the marine particle assem-
blage within the mesozooplankton size range
(Norrbin et al., 1996; Grant et al., 2000) The
dominance of marine snow and of Trichodesmium

and other phytoplankton in the water column
suggests that data collected with non-imaging
optical sensors such as the OPC must be inter-
preted with caution when converted to zooplank-
ton abundance and size distributions. Imaging
instruments such as the SIPPER, on the other
hand, can separate these groups and allow for
accurate determination of their contribution to the
total marine particle assemblage.
There have been a number of studies investigat-

ing the performance of the OPC against plankton
net catches (Sameoto et al., 1993; Grant et al.,
2000; Halliday et al., 2001), but few if any
comparisons against in situ imaging systems.
Herman (1992) suggests that with strict sample
and analysis control, net and OPC counts can
agree to within 30%. Most studies, however,
appear to have much more trouble reconciling
the output of the OPC with what is collected
within a net. Using the OPC mounted on the HRS
to sample a 80 km transect on the West Florida
Shelf, Sutton et al. (2001) found that the OPC
grossly underestimated mesozooplankton abun-
dance, especially at high concentrations
(>10,000 organismsm�3), but described the over-
all pattern of zooplankton fairly well. Herman
(1988) and Sprules et al. (1998) have also reported
OPC counts less than net counts, while others have
reported large overestimates by the OPC relative
to plankton nets (Grant et al., 2000; Halliday et al.,
2001). Suggested causes of OPC underestimates
are coincident counting (Sprules et al., 1992;
Woodd-Walker et al., 2000; Labat et al., 2002)
and the presence of highly translucent organisms
(Wieland et al., 1997; Beaulieu et al., 1999), while
overestimates have been attributed to the presence
of marine snow and detrital aggregates (Zhang
et al., 2000), large phytoplankton (Grant et al.,
2000), small zooplankton that pass through the net
mesh (Halliday et al., 2001; Zhou and Tande,
2002), and fragile organisms that are destroyed in
the nets (Gallienne and Robins, 2001).
During this study, the OPC consistently

sampled approximately half the number of parti-
cles that the SIPPER imaged at all depths. Much
of this underestimation could have been due to
coincidence, as we showed within the sub-sampled
SIPPER imaging volume. More than 29% of the
particles occurred within 4mm of each other
within the SIPPER ‘‘pseudovolume’’ and, there-
fore, would have been counted as a single particle
if sampled by the OPC. By correcting for this, we
were able to calculate OPC abundance estimates
more in line with what SIPPER imaged in the
mesozooplankton size range. The SIPPER data
also showed that highly translucent forms such as
cnidarians, ctenophores, doliolids and salps were
important components in the zooplankton assem-
blage and may have partly explained the under-
counting of larger particles by the OPC. While
considerable effort was made to reduce the
hydrodynamic presence of the sensors so as to
reduce avoidance by active zooplankton, it is
possible that there was a difference between the
two sensors that could have contributed to the
observed differences. Baumgartner (2003) found
that late copepodite stages of Calanus finmarchicus

could avoid the OPC at speeds similar to this
study. Because the OPC has a wide but narrow
sampling mouth (2� 22 cm) and the SIPPER has a
larger square aperture (9.6� 9.6 cm), zooplankton
may have been able to escape out of the way of the
OPC more often than the SIPPER.
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The deepwater Gulf of Mexico biological
community has been sparsely sampled (Biggs and
Ressler, 2001), but the general consensus is that
the biology of offshore waters in the gulf is similar
to that of other low-latitude tropical oceans, with
low biomass and high diversity of zooplankton,
ichthyoplankton and micronekton (Hopkins,
1981; Hopkins et al., 1996; Biggs and Ressler,
2001). The abundance, composition, size and
vertical distribution and biomass of the mesozoo-
plankton sampled during this study by the HRS
plankton nets was similar to that found by one of
us in an earlier study at this station (Hopkins,
1981) and to other investigations in oceanic waters
of the Gulf of Mexico (Cummings, 1983; Ortner
et al., 1989; Biggs and Ressler, 2001). Combined
with an earlier study investigating the distribution
of mesozooplankton on the West Florida Shelf
using the HRS (Sutton et al., 2001), these results
suggest that the somewhat small plankton nets
used on the sampler provide similar results to
those of other investigators using larger plankton
nets to describe the mesozooplankton assemblage.
Comparing the HRS net catches versus what

SIPPER imaged in the same water yielded a
significantly different picture of the mesozoo-
plankton assemblage. While a number of investi-
gators have begun to stress the need to use
multiple nets of different mesh sizes to adequately
sample the entire mesozooplankton size range
(Gallienne and Robins, 2001; Hopcroft et al.,
2001), our results suggest that nets still might miss
a large numerical and biomass fraction. Where
copepods were both the numerical and biomass
dominant in the net samples, larvaceans were the
numerical dominant and doliolids and salps
(forming the other tunicate class) were the biomass
dominant in the SIPPER dataset. Small copepods,
which made up the majority of the net-caught
zooplankton, such as the genera Calocalanus,
Oithona, Paracalanus, Oncaea, and Temora, were
difficult to identify in the SIPPER dataset because
of their small size even though they were most
likely imaged, and therefore were underestimated
(in this case counted in the SIPPER total). The
large number of fragile and gelatinous organisms
in the SIPPER dataset and their near absence in
the nets obviously has implications on how a
planktic ecosystem is described. For example,
Hopkins et al. (1996) found that midwater shrimps
and fish, the two dominant micronekton groups in
this region, accounted for only 25% of the
zooplankton daily production consumed in the
eastern Gulf. It remains unresolved which ecosys-
tem components are responsible for most zoo-
plankton predation although they suspected large
gelatinous predators. More work in this region
with SIPPER might resolve that question.
Fixation of zooplankton samples with formalin

has been shown to cause shrinkage of the
preserved organisms (Postel et al., 2000). It is
possible that shrinkage may have contributed to
the observed differences between the size-fre-
quency, biovolume and biomass of the net samples
with that of the SIPPER. For example, Beaulieu
et al. (1999) measured a 41% decrease in
biovolume of the scyphozoan medusae Aurelia

aurita and Nishikawa and Terazaki (1996) found
that doliolids and salp body lengths shrank to
approximately 86–93% of their live length after
preservation. Omori (1978) observed that cope-
pods and other crustaceans were less affected by
fixation than gelatinous organisms. This likely
explained some of the differences observed in
the pteropod and polychaete size distribution in
the net samples compared to SIPPER. However,
the large differences in biovolume/biomass of the
gelatinous and fragile organisms between SIPPER
and the nets was due to increased abundance of
these animals at all size classes. Therefore, the
biovolume and biomass difference is due more to a
difference in total abundance rather than a shift in
the size frequency spectrum.
Prior investigations comparing net and imaging

systems have yielded similar results to ours.
Parallel deployments of the VPR and the MOC-
NESS on Georges Bank have shown that the
MOCNESS significantly under-samples echino-
derm larvae, larvaceans and medusae relative to
the VPR (Benfield et al., 1996) and the VPR also
sampled foraminifera, acantharians and other
fragile protoctistan zooplankton more effectively
than nets (Gallager et al., 1996; Norrbin et al.,
1996; Ashjian et al., 2001). In those studies,
however, copepods and other harder bodied
organisms were still the numerical and biomass
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dominant and thus the under-representation of the
fragile forms appeared to be less important. In the
central North Pacific Ocean, Dennett et al. (2002)
reported that colonial radiolarian colonies aver-
aged 380� more abundant in VPR samples than
those collected in the nets and were an important
but overlooked component of biomass in oligo-
trophic waters. Similarly, our study in an oligo-
trophic central oceanic ecosystem indicated that
traditional net sampling might miss more than half
the mesozooplankton biomass.
This study demonstrates the importance of in

situ imaging systems to accurately assess the
abundance, size distribution and composition of
a low-latitude mesozooplankton assemblage. The
primary disadvantage of the SIPPER is the current
need to manually classify the large volume of
images generated by the sensor. The ability to
automatically identify images of zooplankton
collected in the lab or field has received consider-
able attention (Jeffries et al., 1984; Tang et al.,
1998; Akiba and Kakui, 2000; Iwamoto et al.,
2001) and an operable pattern recognition algo-
rithm is in use for the VPR (Tang et al., 1998). We
are currently developing an automated zooplank-
ton classification system for the SIPPER to
operate in near real-time while we continue to
optimize the sensor. We have recently deployed a
2nd generation SIPPER with grayscale imaging
and twice the resolution of the model used in this
study. These improvements should allow us to
discern and identify the smaller zooplankton such
as small calanoid and poecilostomatoid copepods
that were more abundant in the net samples and
difficult to identify with the present SIPPER. With
these advances we believe the SIPPER can provide
more accurate mesozooplankton abundance and
size measurements than nets and provide valuable
insight into processes controlling zooplankton
distributions at both the individual and commu-
nity level.
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