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ABSTRACT
The ever expanding fields of UW (underwater) optics cover
principal measurements of the optical properties of the sea,
development of new methods of monitoring optical properties,
techniques for measurements of organisms or structures in the
sea and the development and application of optical instrumentation.
In this respect, ocean optics is a multidisciplinary (and multinational) endeavour of science and
engineering. Ocean optics has applications in the study of
upwelling irradiance and chlorophyll concentrations in the
ocean, in the penetration of solar radiation in shallow shelf
seas and how this influences temperature profiles and ultimately its effect on sound propagation. Recent development
in optical holography allow underwater visual inspection and
precision measurements, estimation of the biological diversity
of ocean plankton and benthos. One requirement is the development of high-resolution tools for the imaging of specimens in the field. We review here current developments of
ocean optics as an integrative tool of biological oceanography
that holds for surveys in the field as for laboratory studies.

I. INTRODUCTION
Although the world's oceans play a dominant role in the
planet's ecosystem, they are possibly the least understood
natural habitats. The challenges facing scientists and engineers in the study of the oceanic environment, particularly
video optical technology on animal behavior, are immense and
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unique [50, 51, 53, 54, 55, 58, 100, 109]. Not only is there a
need for the development of new techniques and for advances
in classical techniques, but the associated instruments must
withstand the forces of the sea. Underwater technology addresses such important technological areas as underwater
acoustics, positioning, construction, observation, signal and
information processing, undersea robotics, and manned and
unmanned (remote sensing) vehicle technology for commercial, scientific and military purposes [22, 102]. Processes
monitored by cable or satellite linked underwater observatories can provide real-time data on the processes at work offshore [4, 5]. One of the most prospective methodological
fields of biological oceanography is ocean optics – the applications of optical technologies and UW optics for marine
research [121, 103]. UW optics is of considerable interest to
marine biologists whose primary aim is to understand the
marine environment, its properties and the complex interactions of organisms within it (Table 1) [11, 19, 75, 76].
Light in the sea plays a crucial role in energy and carbon
dioxide exchange and, therefore, for the global climate [42].
The propagation of light through water is a fundamental characteristic of the oceans themselves [29]. Light is also crucial to
the understanding of the marine habitat, and the preservation
and utilization of its resources [30]. We need to know what
affects transmission and absorption in the water [74]. Hence,
optical instrumentation in the field of biological oceanography
is increasing, and is replacing more traditional, slower and
destructive techniques, such as physically obtaining samples
by nets or grabs [24, 25]. Optical techniques provide rapid,
precise, non-destructive, in-situ sensing and high quality
measurements. Turbidity and light propagation measurements
are essential in the study of biological productivity and underwater imaging [93]. UW optics covers the measurement of
the chemical constituents of natural seawater, the work involved in satellite image analysis, and of the use of optics in the
measurement of the flocculation of suspended sediments [106].
Marine radiometric spectrometers allow for simultaneous
measurements of upwelling and downwelling irradiance [131].
Underwater CCD cameras enable the flow mapp-ing in particle
image velocimetry systems (PIV) to such novel techniques as
holography for the measurement of plankton.
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UW optical applications range from holography and confocal technologies for the 3D in-situ visualization of plankton,
and from the measurement of fundamental physical characteristics such as absorption, irradiance and sea-surface reflectance to measurements of the chemical constituents of
natural seawater [28], to the measurement of the flocculation
of suspended sediments [98]. It has its application in the study
of plankton size and plankton concentration in aquatic systems
[8, 36, 48]. We review here the current state of our imaging
capability with particular focus on photo and video applications in the laboratory and in the field through visual underwater benthic and pelagic surveys.
1. Benthic Surveys
For the management of marine stocks, it is necessary to
undertake appropriate resource management strategies based
on accurate estimations of population size and structure, and
community diversity [117]. Distribution patterns of benthic
species can be estimated by in-situ observations using towed
camera arrays [9], submersibles [7], or diver operated systems
[54]. For example Fujikura et al. [35] remotely recorded in
real time by deep tow TV camera arrays the population density
of the crab Chionoecetes japonicus from the crewed submersible Shinkai 2000. In order to maintain a constant distance from the sea bottom, a 2 m long chain with a 20 cm
sinker was hung below the TV camera.
Field transects are the most widely used survey methods.
Point intercept transects (PIT) measure the points of interest at
specific intervals either below or adjacent to a belt transect line
[123] which may use video recording for documentation and
later analysis [17]. PITs provide a relatively high precision in
estimating percentage cover of sessile organisms such as corals, since experienced divers can collect data through video
taping, whereas experts analyse the video records back in the
laboratory. Video transect methods also provide permanent
records and greatly reduce field expense and time as compared
to visual counting methods. Quality control of consistent substratum or species identification from images is facilitated
because images can be archived and viewed again to ensure
accurate identifications [88]. Video records of surveys are
useful for follow-up studies, such as early detection of diseases in corals and the investigation of species interactions and
successions with time (Fig. 1). The statistical power of the
transects can be increased in the laboratory by increasing the
number of points or frames analyzed that raise the resolution
of the PIT method [47]. In addition are images useful for
developing outreach products for public information.
2. Surveys in Pelagic Systems
Planktonic animals inhabit an environment of constant
water motion [51, 55, 100]. Tracking their motions showed
that the animals effectively maintained their depth by swimming against upwellig and downwelling currents, and moving
at rates of up to tens of body lengths per second, which also
leads to their accumulation at frontal zones. This mechanism
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Fig. 1. Photography and video recording at the sea floor, such as coral
reef. The analysing system is situated on shore or on a research
vessel (modified after Hwang & Strickler [56]).

explains how oceanic fronts become major feeding grounds
for predators and targets for fishermen alike.
Oceanographers have traditionally employed nets or pumps
to collect plankton. Although nets are useful for quantifying
zooplankton distributions and abundances at large horizontal
or vertical scales, they are generally inadequate to reveal the
structure of patches and layers at finer scales [6, 20, 38, 59].
Pumps have proven useful for exposing vertical structure at
smaller scales than nets [24]. Their utility, however, is mainly
limited to smaller size fractions of the plankton or less motile
organisms since larger zooplankton is able to avoid being
collected. Different types of cameras are used to image organisms along the tow path of an instrument [25]. Quantitative instruments in this category are camera-net systems and
include towed systems such as the ichthyoplankton recorder,
video plankton recorder (VPR) [2, 25], in situ video recorder
[107], and the shadowed image particle platform and evaluation recorder [98] (Table 1). Additionally, there are profiling
systems, such as the underwater video profilers (UVP) [41]
and holographic instruments [69]. Optical imaging systems
provide a means for estimating the spatial distribution and
abundances of mesozooplankton at vertical scales of centimeters or greater. The majority of optical systems utilize
video and typically image small volumes of water to achieve
acceptable image resolutions. Zooplankton includes a wide
range of taxa with very different morphologies that frequently
change drastically through ontogeny [31, 104, 122]. Zooplankton also includes transparent and soft-bodied organisms,
which confound many automatic recognition systems [33].
This happens because the software relies on shape profile
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Table 1. Under water optics technologies that are of particular relevance for biological oceanography
including submarines, divers, UW imaging by
remote sensing (UW-ROVs, satellites).

Table 2. Existing UW optical technologies (L = laboratory, F = field applications).

- Benthos and plankton
- Biological properties with high-speed applications (swimming,
feeding, mating, grooming)
- Productivity (Chla)
- PIVs (particle image, velocimetry systems)
- Pollution
- Survey and analysis of experiments (field/lab)
- Biological sensors that demand light

System

L/F Technology

Size-spectra

Authors

L-OPC

F Laser

100-3000 µm

Herman et al., [45]

HOLOMAR F Holography

5-250 µm

Katz et al., [62]

VPR

F Camera

Zooplankton

Davis et al., [26]

ZOOVIS

F Camera

Euphausiids

Benfield et al., [9]

LAPIS

F Camera

Gelatinous zoopl. Widder et al., [120]

UVP

F Camera

Gelatinous zoopl. Gorsky et al., [40]

IPR

F Camera

Ichthyoplankton

Fischer et al., [34]

SIPPER

F/L Linescan-Camera

Zooplankton

Samson et al., [89]

ZPP

F/L Camera

Zooplankton

Zhou and Tande,
[130]

characteristics, which may be insufficient for recognition or
may not be constant for the species under consideration.
The ecology of planktonic assemblages essentially depends
on the behavior of individual zooplankters that can be monitored by ocean optics [124, 128]. The capabilities of a variety
of mesozooplankton taxa to form dense, localized patches has
been observed for a number of taxa [84, 96, 108, 110, 125].
The importance of enhanced zooplankton biomass at all scales
emerged as an important issue in zooplankton ecology [73, 90].
At large scale and some small-scale environments like frontal
zones, aggregation into patches is probably a physical process
[91]. Active swarming behavior may add at the same time to
hydrologically formed passive aggregations. The spatial distribution of plankton is also essential for encounters between
predators and prey [111, 115, 116] as well as between grazers
and patchily distributed food sources [1, 26, 38, 60, 82, 101],
or between conspecifics in search of mates [3, 61, 63].
Constraints for the functional investigation of zooplankton
(e.g. its transparency and small size) have been overcome by
treating the organisms as phase objects and applying an optical
system that functions as an optical signal processor using
matched spatial filters [100, 114]. This is derived from the
classical Schlieren system and has, instead of a slit as the first
spatial filter and a knife-edge as the matching one, a point
source (pinhole) as the first filter and a stop as the matching
one. Strickler [99] used either a helium-neon laser (632 nm
wavelength) or a near-infrared laser diode (890 nm wavelength) as a light-source with energies of less than a milliwatt.
The most long-range instrument currently available for
resolution at both time and space scales is the Continuous
Plankton Recorder (CPR Survey Team 2004) in the North
Atlantic Ocean. However, it only collects enough data of the
most abundant 20 species/groups of phytoplankton and zooplankton that are sufficient for statistical analysis. This survey
has essentially remained unchanged since the 1930’s, retaining
the same techniques of sample acquisition and analysis techniques. Regional zooplankton surveys, carried out conventionally by using nets and manual microscopical analysis, can
usually be more detailed and often identify more than 300 taxa
[86]. An example of this is seen in the CalCOFI study from
the Pacific Ocean being conducted for the last 50 years [77].

HAB-Bouy

F/L Camera

20-2000 µm

GLOBEC, [39]

OPC

F/L LED-Array

250-2500 µm

Herman et al., [45]

Flow Cam

L Camera

10-1000 µm

Sieracki et al., [95]

ZOOSCAN

L Scanner

Macrozoopl.

Gorsky et al., [41]

LaserCam

F Laser

Plankton

Strickler and Hwang, [100]

Practical applications of knowledge of plankton diversity
and distribution in the oceans include food web modelling,
detection of harmful algal blooms in coastal waters, and ecosystem responses to climate change [83]. Automatic identification of phytoplankton and mesozooplankton species has
made advancements. Available techniques are adequate for
the identification of higher taxa (e.g. chaetognaths, euphausiids, copepods, and hyperiid amphipods), for biomass estimations and for ecological research on major components of
oceanic plankton. For biodiversity aspects, abundance estimates of dominant taxa and the coverage of large areas, information about morphological variation are needed that require high-resolution images that provide specific taxonomic
detail [32, 81, 129].
Two-dimensional imaging is not sufficient for reliable
taxonomic identification of several taxa. Plankton covers an
extremely wide range of individuals including their ontogenetic stages (with different size and structure in the case of
larvae) which are represented by many complex 3D and semitransparent objects. Therefore, the normal approach to imaging using multiple 2D views of the organism is not sufficient
for in situ imaging and recognition. A starting point for the
transition to automated 3D systems will be the improvement
of 2D imaging techniques in recent years [23].
1) 2D Imaging
About eight different contemporary in situ 2D imaging
systems have been developed. They all provide sufficient
resolution for class/order categorisation and for the estimation
of organism size, which may be used to estimate biomass (see
[121] for a review of optical systems). These include (Table 2):
stand-alone imaging systems such as the Video Plankton Recorder (VPR, [26]), mixed optical-net systems such as the
camera-net system [78, 79] and the ichthyoplankton recorder
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[67, 119]; and Zooscan [41], in situ video profiler [107],
Shadowed Image Particle Profiling Evaluation Recorder
(SIPPER, [89]), zooplankton visualization and imaging system (ZOOVIS, [9]), and the Flow-Cam [95]. The use of
higher resolution, digital formats has permitted an increase in
image volume although most systems still record the contents
of volumes of several ml to a few liters per image.
Flowcam image volume is less than a µl and suitable for
microbiota, such as bacterio- and phytoplankton. In contrast
to in situ zooplankton systems, a flowcam uses triggered imaging. The quality of images produced by triggered systems is
generally adequate for categorisation to the taxonomic level of
class or order (e.g. Copepoda, Chaetognatha, Decapoda, Pteropoda) or acoustical sound-scattering model categories (e.g.
gas-filled inclusions). When organisms possess distinctive
morphological features, categorization to genus or species is
possible. However, adequate depth of focus is critical for
correct categorization. While 3D imaging is certainly the ideal
method, current technology does not allow easily to switch
from 2D to 3D imaging.
2) 3D Imaging
Biological studies rely largely on light and electron microscopes, which have always been fundamental tools for
analyzing the structure, physiology and function of cells and
microscopic organisms. These techniques, however, provide
low resolution, which prevent the observation of details and
complicated fixation methods or sectioning artifacts, which
damage the specimens. Such restrictions were overcome by
the confocal microscope, which offers several advantages,
including increased resolution, higher contrast, and more
suitable depth of field.
3D imaging have been applied to track jellyfish in the deep
sea with stereo cameras [87] and holography has been used to
estimate volumes of seawater for zooplankton behavioral
studies in situ [46, 62]. Hwang et al. [58] used 3D laser video
optical system to compare tethered copepods with free
swimming copepods. This system was built with one laser
beam and two optical systems. The system was operated by
computer manually. Stereo cameras provide sufficiently
useful images for a wide range of faunistic and ecological
applications. Malkiel et al. [69] have used holography for in
situ behavioral studies of plankton, demonstrating resolutions
down to 10 µm. Laboratory experiments by Malkiel et al. [70],
using digital in-line holography, reveal copepod feeding
flow-fields in 3D in the laboratory. In the field all these instruments can be based on ROV’s (Remote operated vehicles).
Tomography techniques provide a promising tool for 3D
volumetric imaging but are not yet deployed in marine field
studies as yet. This technology is now available in several
systems: Positron Emission Tomography (PET) [112], and
X-ray, and Computerised Axial Tomography (CAT) [65], and
Magnetic Resonance Imaging (MRI). Acoustic scanning has
been applied in the FishTV system [72], revealing good quality images at millimeter scale. In addition to tomographic
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techniques, several in situ holographic systems have been
developed for 3D imaging of plankton [46, 62].
Confocal imaging seems to be a most promising imaging
technology. It draws a small spot of laser light across a small
volume of space in 3D using the optics of a high quality
conventional microscope. Specimens can be optically sectioned in both, horizontal and vertical planes. The reflected or
emitted light is reconstructed into a 3D image using a computer. In confocal microscopy, the illumination is scanned as a
flying spot through the specimen. The light sensing detector
follows the illumination and excess light is removed by placing a pin hole at the detector. The optical sections are detailed
and have good contrast [126]. Series of optical sections taken
at successive focal planes produce a 3D view of the specimen.
The images are processed and stored in a digital format and
can therefore be manipulated with image analysis software.
All sizes that are necessary for calculating the volume of the
specimens can be measured precisely, and the synthesized
images can be animated and rotated so that structures can be
seen in 3D.
In the laboratory, confocal microscopy offers a useful tool
to address biological problems related to cellular structures
and processes [21, 71]. Laser scanning confocal microscopy
(LSCM) of planktonic organisms provide a means of observing external or internal structures in 3D, such as marine snow
[49]. This instrument has further advanced our understanding
of the functional morphology of structures belonging to microscopic organisms. The use of LSCM coupled with membrane-specific fluorescent carbocyanine dyes allows rapid
identification of sensory structures on copepod antennules and
provides insights into the mechanics of signal transduction
from the environment to the organism [12]. LSCM was used
to study structural details of larval stages of Temora stylifera
[18], Calanus helgolandicus [15], and the decapod Hippolyte
inermis [132]. The LSCM technique was also applied to rapidly assess embryo viability in C. helgolandicus [14] and Clausocalanus furcatus [16].
LSCM appears to be particularly valuable for morphological analyses in taxonomy. To identify species and their
ontogenetic stages is of basic importance in environmental
research aimed at identifying and monitoring biological diversity in plankton ecology. LSCM seems to be the only
available optical instrument that shows the morphology of
planktonic organisms with high resolution and at the same
time allows taking precise measurements of their body for the
reconstruction of a 3D image. Current 3D imaging techniques
are not fast enough for rapid high quality imaging of large
volumes in field studies. For field applications with real-time
imaging from a moving ship, 3D systems with confocal optics
will not be available for some time according to Culverhouse
and coworkers [23].
For the identification of plankton specimens from images,
attempts are made to discriminate between supraspecific taxa
[10], even at species level [97]. Fourier-based analysis of the
profiles assist in creating shape categories. However, these
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descriptions are sensitive to the angle from which the camera
view the specimen [43]. Partial views and rotations of objects
may therefore reduce instrument performance. Enhancements
to increase the number of parameters measured from each
specimen have resulted in several useful tools for real-time use
[68, 105].
Light microscopy images, although essential for identification, have limitations. Manipulation of the specimens and
constant refocussing is often necessary to reveal details that
are critical for identification. Scanning electron microscopy
(SEM) and confocal digital microscopy are preferred as they
offer significantly higher resolution. Confocal imaging has
become important as images can be viewed from any angle
since they are gathered in 3D.
Four 3D sensor technologies are currently available: (1)
confocal optics, (2) optical holography, (3) optical tomography,
and (4) acoustic tomography [23, 66]. Current confocal scanning rates and depth of field for full 3D large field applications
do not approach the speed and resolution required. Holographic images besides suffering from speckle noise, generate
large data files, depending on resolution and image field of
view. Optical tomography is at present still experimental.
Sensors have high background noise levels leading to poor
reconstruction of imaging [94]. The conduction velocity of
signals in water places a limit on the imaging aperture for
underwater-towed operation. Acoustic signals have a relatively slow velocity in seawater, with transit times across a
sampling aperture of several microseconds. Acoustic tomography is a promising tool [94] but beyond the scope of this
overview.
3. Studies in the Laboratory
Strickler and Hwang [100] outlined the difficulties in observing planktonic organisms in the oceans. For most objectives laboratory approaches are more feasible than in situ
approaches. The majority of aquatic zooplankton are small
and transparent. Pelagic copepods for example live in a
three-dimensional environment in which the finding of mates
at a sufficiently high rate for population maintenance represents a major challenge to the mainly transparent, millimeter-sized animals [13]. These tiny crustaceans were long regarded as rather passive members of the plankton, carried by
water currents and feeding automatically as they swim. In the
past two decades, however, our understanding of zooplankton
and copepod behaviour has changed profoundly in showing
that they are surprisingly active in choosing their diets. This
was possible by the application of new techniques, such as
high speed video. Progress in the field of direct copepod
observations was due to the technological advancements in
observing copepods swimming freely in relatively large
volumes of water.
With functional capability (including capturing food, locating a mate and avoiding predators – see Table 3), copepods
exploit the characteristics of their high viscosity, laminar flow
regime habitat. Environmental information in this environ-

Table 3. Functional systems with species-, gender- and
ontogenetic differences that can be investigated
by Video technologies.
- Locomotion (swimming, walking, motility of body parts)
- Feeding of predators, grazers, parasites (detection, encounter,
grasping, partitioning, swallowing)
- Predator avoidance
- Reproduction (detection, encounter, mating)
- Motility patterns
- Signal perception: hydromechanical/ chemical signals/cues
- Grooming

ment is relatively predictable and zooplankter take advantage
of this predictablility in finding food particles being highly
diluted, and avoiding predators in their three-dimensional
environment that lacks physical hiding places, and locating a
mate when conspecifics may be separated by several thousand
body lengths. The paradigm of copepods as filter feeders was
overturned by direct behavioural observations of copepods
actively capturing individual algal cells [1, 64, 80, 85]. A better
understanding of mechanosensorically mediated copepod
escape behaviour was gained experimentally [44, 51, 55, 127].
1) Swimming Behavior
Swimming was digitally recorded by [27] from video-tapes
to an IBM compatible computer equipped with a 682 M
video-capture card and a 4-Gb hard drive made for video
storage. The digital video was controlled from this computer,
and individual frames were captured on a second PC and interfaced with video-analysis software (Optimus) on a separate
monitor. This software placed captured video frames within a
Cartesian coordinate system, and returned the coordinates for
specified points. A calibration measure from the video was
used to convert the coordinate system from pixels into a metric
scale. The vertical axis (i.e. with respect to gravity) was designated as z, and the x- and y-axes formed the horizontal plane.
One planar view provided x and z coordinates, the other provided y and z coordinates. The three-dimensional trajectories
of copepods were visualized by plotting their sequential coordinate positions.
2) Mating Interactions
Reproduction of biparental planktonic animals requires females and males to encounter each other in a three-dimensional
and relatively featureless space. Each must identify the other as
a suitable mate, then hook to each other for a period of time that
ensures successful sperm transfer. Details of how various
plankters including copepods, accomplish these tasks were
advanced particularly by high-speed cinematography (Fig. 2).
Mating includes mate location and mate recognition systems, in addition to new insights into the functional morphology of the copepod reproductive system and their sexually
dimorphic sensory systems. Mating interactions between copepods comprise a sequence of events: encounter, pursuit,
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Fig. 3. Optical system design drawing of high-speed photography
(FastCam)(modified after Hwang & Dahms [52]).

Fig. 2. Micro-enlarged high-speed photography (FastCam) optical system design drawing (modified after Hwang & Dahms, [52]).

capture and spermatophore transfer. Success of the male at
each step permits continuation of the mating sequence, resulting in the deposition of a spermatophore. In some copepods, males are able to detect females at a distance and preliminary experimental evidence suggests that sex pheromones
are involved, signalling the males of the presence of females.
Doall et al. [27], using a 3D video system, demonstrate that
males of Temora longicornis follow the trails left by swimming females, overtake and mate with them. The males can
detect trails up to 10 seconds old and successfully pursue
females that are up to 60 body lengths away. According to
Weissburg and coworkers [118] does the ability of some copepods like Temora longicornis to track a 3D odour trail possibly dependents upon the persistence of water-borne chemical
signals created in low Reynolds number regimes. Van Duren
and coworkers [113] of swimming patterns in the same
species, T. longicornis, reveals that females exhibit a different
pattern of hops in the presence of chemical signals indicating
the presence of males. Using laser sheet particle image velocimetry, Van Duren and coworkers [113] investigated the
possibility that these hops serve to create a hydrodynamical
signal that increases the encounter probability with potential
males.
Yen and coworkers [128] demonstrated that the low Reynolds number regime conserves distinct species-specific cues
that can direct mate seeking in copepods. They show that,
within small Komolgorov eddies where viscosity limits forces
to molecular scales, pheromonal trails of swimming females
persist. A new model of mate location in Temora longicornis
is presented, based on the ability of the male to use its
chemosensory and mechanosensory systems to discriminate
between biologically formed mating trails and small-scale
turbulence, and to recognize the presence of signal molecules
left in the trail by conspecific females.
3) Methodical Approaches in Behavioral Studies
Schmitt et al. [92] recorded the swimming behavior of
Cosmocalanus darwini by using an infrared sensitive camera
and a video cassette recorder. To avoid a behavioral irritation
by any light-induced phototropism, all experiments were

carried out in the dark. During the swimming behavior each
frame was time marked sequentially by a QSI frame counter.
The temporal resolution was 1/30 s as determined by the video
frame rate. An editing controller was used for frame-by-frame
videotape analysis. The procedure was essentially as provided
by Hwang and Turner [57] who filmed several free-swimming
copepods in a vessel, using a video camera, videocassette
recorder, frame counter, and monitor attached to a dissecting
microscope. Similarly, the newly improved video optical system can use FastCam facilities (see Fig. 3)
Behaviour of plankton organisms can also be recorded by
video, using a system of laser photography developed by
Strickler and Hwang [100]. The authors submerged the
filmed vessel in a large water jacket to maintain constant
temperature levels during video-recording. Observations were
made in relatively large volumes of water (1.5 l), thereby
limiting wall effects and constraints on the animals' sensory
range and swimming behavior. Behavioral patterns can be
dissected into a series of sequential steps, similar to the sequence of events described by Gerritsen and Strickler [37] for
predatory interactions in the plankton. Vanderlugt [114]
treated the organisms as phase objects and applied an optical
system that functions as an optical signal processor using
matched spatial filters in order to overcome constraints for the
functional investigation of zooplankton (e.g. transparency,
small size). This technique is derived from the classical
Schlieren system and has, instead of a slit as the first spatial
filter and a knife-edge as the matching one, a point source
(pinhole) as the first filter and a stop as the matching one. The
use of large-format camera lenses allows the TV camera to be
dynamically repositioned to follow a swimming animal [100].
The TV camera is mounted on its side to permit recording over
the full frame even though this has the disadvantage that the
animals appear to sink to the side of the monitor instead of
downwards. The focal plane of the objective is also the plane
of the 2D Fourier transformation of the collimated light beam
and all other incoming optical information [100]. The parallel
light (DC signal) is focused at the origin of the transformation
and removed by a binary filter, a black dot on the optical axis.
When the observational vessel is filled with filtered water,
additional binary filters are used to eliminate any impurities in
the optical system.
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II. CONCLUSIONS
Optical applications in biological oceanography are a
promissing and exciting area of research, both, in the field and
in the laboratory. Applications of UW optics will assist applied sciences, such as environmental monitoring, mariculture,
fisheries, conservation management, and fundamental science
alike. In the field, ROV and SCUBA survey methods can
generally produce higher precision in terms of detecting
temporal changes in benthic or planktic communities than
physical collections, and more economic as far as time and
personal is concerned, and are thus more suitable for scientific
research and management purposes. Other advantages of
using video transects by SCUBA divers or ROV include provision of permanent records with wider surveys for subsequent
studies and public information that require less field time. Still
photographs from such recordings for the purpose of analysis,
presentation, or publication, however, result in lower resolution pictures as these are restricted by the power of most DVD
player's software. In the laboratory OPC laser optics with the
possibility of field applications will provide the most promise
in the immediate future [45].

ACKNOWLEDGMENTS
This work was supported by 2 grants NSC 96-2611-M019-006 and NSC 96-2621-B-019-001 to JSH. We are thankful
for the optical supervision of Professor Dr. Rudi Strickler,
University of Wisconsin-Milwaukee, USA.

REFERENCES
1. Alcaraz, M., Paffenhoefer, G.-A., and Strickler, J. R., “Catching the algae: a first account of visual observations on filter feeding calanoids,” In
Evolution and ecology of zooplankton communities (ed. Kerfoot, W. C.),
pp. 241-248. University Press of New England (1980).
2. Ashjian, C. J., Davis, C. S., Gallager, S. M., Wiebe, P. H., and Lawson,
G. L., “Distribution of larval krill and zooplankton in association with
hydrography in Marguerite Bay, Antarctic Peninsula, in austral fall and
winter 2001 described using the Video Plankton Recorder,” Deep-Sea
Research II, Vol. 55, pp.000-000 (2008).
3. Bagøien, E. and Kiørboe, T., “Blind dating - mate finding in planktonic
copepods. I. Tracking the pheromone trail of Centropages typicus,”
Marine Ecology Progress Series, Vol. 300, pp. 105-115 (2005).
4. Balch, W. M., Drapeau, D. T., Bowler, B. C., and Booth, E., “Prediction
of pelagic calcification rates using satellite measurements,” Deep-Sea
Research. II, Vol. 54, pp. 478-495 (2007).
5. Balch, W. M. and Fabry, V. J., “Ocean acidification: documenting its
impact on calcifying phytoplankton at basin scales,” Marine Ecology
Progress Series, Vol. 373, pp. 239-247 (2008).
6. Banas, N. S., Wang, D.-P., and Yen, J., “Experimental validation of an
individual-based model for zooplankton swarming,” In Handbook of
Scaling Methods in Aquatic Ecology. Measurement, analysis, Simulation (ed. Seurong, L. & Strutton, P.G.), pp. 161-180 (2004).
7. Barbini, R., Colao, F., Fantoni, R., Palucci, A., and Ribezzo, S., “Development of a lidar fluorosensor payload for submarine operation. In:
Lidar Remote Sensing of Land and Sea,” Reuter, R. (ed.), EARSeL
Proceedings, Vol. 1, pp. 39-45 (2001).
8. Bazzani, M. and Cecchi, G., “Algae and mucillagine monitoring by
fluorescence lidar experiments in field,” EARSeL Advances in Remote

Sensing, Vol. 3, No. 3, pp. 90-101 (1995).
9. Benfield, M. C., Schwehm, C. J., Fredericks, R.G., Squyres, G., Keenan,
S. F., and Trevorrow, M. V., “Measurement of zooplankton distributions
with a high-resolution digital camera system,” In: Strutton, P., Seuront,
L. (eds.), Handbook of Scaling Methods in Aquatic Ecology: Measurement, Analysis Simulation, CRC Press, Boca Raton, FL, pp. 17-30
(2003).
10. Berman, M. S., “Application of image analysis in demographic studies
of marine zooplankton,” In: Sherman, K., Gold, B., Alexander, L. (eds.),
Large Marine Ecosystems: Patterns, Processes and Yields, AAAS,
Washington, DC, pp. 122-131 (1991).
11. Boss, E., Perry, M. J., Swift, D., Taylor, L., Brickley, P., Zaneveld, J. R.
V., and Riser, S., “Three years of ocean data from a bio-optical profiling
float,” EOS: Transactions American Geophysical Union, Vol. 89, pp.
209-210 (2008).
12. Bundy, M. H. and Paffenhöfer, G. A., “Innervation of copepod antennules investigated using laser scanning confocal microscopy,” Marine
Ecology Progress Series, Vol. 102, pp. 1-14 (1993).
13. Buskey, E. J., Peterson, J. O., and Ambler, J. W., “The role of photoreception in the swarming behavior of the copepod Dioithona oculata,”
Marine and Freshwater and Behavior and Physiology, Vol. 26, pp.
273-285 (1995).
14. Buttino, I., Do Espirito Santo, M., Ianora, A., and Miralto, A., “Rapid
assessment of copepod (Calanus helgolandicus) embryo viability using
fluorescent probes,” Marine Biology., Vol. 145, No. 2, pp. 393-399
(2004).
15. Buttino, I., Ianora, A., Carotenuto, Y., Zupo, V., and Miralto, A., “Use of
the confocal laser scanning microscope in studies on the developmental
biology of marine crustaceans,” Microscopy Research and Technique,
Vol. 60, pp. 458-464 (2003).
16. Buttino, I., Peralba, A., and Mazzocchi, M. G., “A novel method to detect embryo viability in the egg-carrying copepod Clausocalanus furcatus,” Rapport du Congress de la Commission Internationale Pour
l'Exloration Scientifique de la Mer Mediterranee, Vol. 37, pp. 325
(2004).
17. Carleton, J.H. and T. J. Done, “Quantitative video sampling of coral reef
benthos: large scale application,” Coral Reefs, Vol. 14, pp. 35-46 (1995).
18. Carotenuto, Y., “Morphological analysis of larval stages of Temora
stylifera (Copepoda, Calanoida) from the Mediterranean Sea,” Journal
of Plankton Research, Vol. 21, pp. 1613-1632 (1999).
19. Castruccio, F., Verron, J., Gourdeau, L., Brankart, J.-M., and Brasseur,
P., “2008: Joint altimetric and in-situ data assimilation using the
GRACE mean dynamic topography: a 1993-1998 hindcast experiment
in the Tropical Pacific Ocean,” Ocean Dynamics, Vol. 58, No. 1, pp.
43-63 (2008).
20. Cohen, J. H., Tester, P. A., and Forward, R. B., “Sublethal effects of the
toxic dinoflagellate Karenia brevis on marine copepod behavior,”
Journal of Plankton Research Vol. 29, No. 3, pp. 301-315 (2007).
21. Conn, P. M., (ed.) Confocal Microscopy. Methods in Enzymology 307,
Academic Press, San Diego, CA CPR (Continuous Plankton Recorder)
Survey Team (2004).
22. Craig, S. E., Lohrenz, S. E., Lee, Z. P., Mahoney, L. L., Kirkpatrick,
G. J., Schofield, O. M., and Steward, R. G., “Use of hyperspectral remote
sensing reflectance for detection and assessment of the harmful alga,
Karenia brevis.” Applied Optics, Vol. 45, No. 21, pp. 5414-5425 (2006).
23. Culverhouse, P. F., Williams, R., Benfield, M., Flood, P. R., Sell, A. F.,
Mazzocchi, M. G., Buttino, I., and Sieracki, M., “Automatic image
analysis of plankton: future perspectives,” Marine Ecology Progress
Series, Vol. 312, pp. 297-309 (2006).
24. Dahms, H.-U. and Qian, P. Y., “Drift pump and drift net,” Journal of
Experimental Marine Biology and Ecology, Vol. 301, No. 1, pp. 29-37
(2004).
25. Dahms, H.-U. and Qian, P.-Y., “Exposure of biofilms to copepods affects the larval settlement of Hydroides elegans (Polychaeta),” Marine
Ecology Progress Series, Vol. 297, pp. 203-214 (2005).
26. Davis, C. S., Gallager, S. M., Berman, M. S., Haury, L. R., and Strickler,

H.-U. Dahms and J.-S. Hwang: Perspectives of Underwater Optics in Biological Oceanography and Plankton Ecology Studies

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

J. R., “The video plankton recorder (VPR): design and initial results,”
Archiv für Hydrobiologie–Beiheft Ergebnisse der Limnologie, Vol. 36,
pp. 67-81 (1992).
Doall, M. H., Colin, S. P., Strickler, J. R., and Yen, J., “Locating a mate
in 3D: The case of Temora longicornis,” Philosophical Transactions of
the Royal Society B-Biological Sciences, Vol. 353, pp. 681-689 (1998).
Dolenko, S. A., Dolenko, T. A., Fadeev, V. V., Filippova, E. M.,
Kozyreva, O.V., and Persiantsev, I. G., “Solution of inverse problem in
nonlinear laser fluorimetry of organic compounds with the use of artificial neural networks,” Pattern Recognition and Image Analysis, Vol. 9,
No. 3, pp. 510-515 (1999).
Doron, M., Babin, M., Mangin, A., and Hembise, O., “Estimation of
light penetration, and horizontal and vertical visibility in oceanic and
coastal waters from surface reflectance,” Journal of Geophysical Research, Vol. 112, C06003 (2007).
English, D. C. and Carder, K. L., “Determining bottom reflectance and
water optical properties using unmanned underwater vehicles under
clear or cloudy skies.” Journal of Atmospheric and Oceanic Technology,
Vol. 23, No. 2, pp.314-324 (2006).
Ferrari, F. D. and Dahms, H.-U., “Postembryonic development of the
Copepoda,” Crustaceana Monographs, Vol. 8, pp. 1-232 (2007).
Ferrari, F. D. and Ivanenko, V. N., “Remarks on the “Subcoxa” hypothesis from Baecker et al. (2008),” Zoologischer Anzeiger, Vol. 248,
pp. 33-34 (2008).
Fiege, D. and Dahms, H.-U., CD-ROM Meeresplankton (marine
plankton). In cooperation with the IWF (=Institute for Scientific Films,
Goettingen) (2005).
Fischer, J., Baretta, J., Colijn, F., and Flemming, N. C., (eds.) Bioecological Observations in Operational Oceanography, EuroGOOS
Publication No. 15, Southampton Oceanography Centre, Southampton.
ISBN 0-904175-43-X (2000).
Fujikura, K., Tsuchida, S. and Hashimoto, J., “Density estimate of the
beni-zuwai crab Chionecetes japonicus, by an in situ observation
method,” Fisheries Science, Vol. 66, pp. 1183-1185 (2000).
Garcia, C. A. E. and Garcia, V. M. T., “Variability of chlorophyll-a from
ocean color images in the La Plata continental shelf region,” Continental
Shelf Research, Vol. 28, pp. 1568-1578 (2008).
Gerritsen, J. and Strickler, J. R., “Encounter probabilities and community structure in zooplankton: a mathematical model,” Journal of the
Fisheries Research Board of Canada, Vo. 34, pp. 73-82 (1977).
Gismervik, I., “Top-down impact by copepods on ciliate numbers and
persistence depends on copepod and ciliate species composition,”
Journal of Plankton Research, Vol. 28, pp. 499-507 (2006).
GLOBEC, “Report of the GLOBEC workshop on optical plankton
counters,” June 17-20, Tromsø, Norway, No. 17 (2001).
Gorsky, G., Aldorf, C., Kage, M., Picheral, M., Garcia, Y., and Favole, J.,
“Vertical distribution of suspended aggregates determined by a new
underwater video profiler,” Annales-Institut Oceanographique Paris,
Vol. 68, pp. 275-280 (1992).
Gorsky, G., Picheral, M., and Stemmann, L., “Use of the underwater
video profiler for the study of aggregate dynamics in the North Mediterranean,” Estuarine Coastal and Shelf Science, Vol. 50, pp. 121-128
(2000).
Griffies, S. M., Biastoch, A., Boning, C., Bryan, F., Danabasoglu, G.,
Chassignet, E. P., England, M. H., Gerdes, R., Haak, H., Hallberg, R. W.,
Hazeleger, W., Jungclaus, J., Large, W. G., Madec, G., Pirani, A.,
Samuels, B. L., Scheinert, M., Sen Gupta, A., Severijns, Camiel A.,
Simmons, H. L.,Treguier, A.-M., Winton, M., Yeager, S., and Yin, J.,
“Coordinated ocean-ice reference experiments (COREs),” Ocean
Modelling, Vol. 26, No. 1-2, pp. 1-46 (2009).
Grosjean, P. H., Picheral, M., Warembourg, C., and Gorsky, G., “Enumeration, measurement and identification of net zooplankton samples
using the ZOOSCAN digital imaging system,” ICES Journal of Marine
Science, Vol. 61, pp. 518-525 (2004).
Hartline, D. K., Lenz, P. H., and Herren, C. M., “Physiological and
behavioral studies of escape responses in calanoid copepods,” Marine

119

Freshwater Behavior Physiology, Vol. 27, pp. 199-212 (1996).
45. Herman, A. W., Beanlands, B., and Phillips, E. F., “The next generation
of optical plankton counter: the Laser-OPC,” Journal of Plankton Research, Vol. 26, pp. 1135-1145 (2004).
46. Hobson, P. R., Lampitt, R. S., Rogerson, A., Watson, J., Fang, X., and
Krantz, E. P., “Three-dimensional spatial coordinates of individual
plankton determined using underwater hologrammetry,” Limnology and
Oceanography, Vol. 45, pp. 1167-1174 (2000).
47. Hodgson, G., “Coral reef monitoring and management using reef
Check,” Integrated coastal zone management, Vol. 1, pp. 169-179
(2000).
48. Hofmann, E. E., Wiebe, P. H., Costa, D. P., and Torres, J. J., “Introduction to dynamics of plankton, krill, and predators in relation to environmental features of the western Antarctic Peninsula and related areas:
SO GLOBEC Part II,” Deep-Sea Research II, Vol. 55, pp. 269-270
(2008).
49. Holloway, C. F. and Cowen, J. P., “Development of a scanning confocal
laser microscopic technique to examine the structure and composition of
marine snow,” Limnology and Oceanography, Vol. 42, pp. 1340-1352
(1997).
50. Hwang, J.-S., Behavioral Responses and Their Role in Prey/Predator
Interactions of a Calanoid Copepod, Centropages hamatus under
Variable Hydrodynamic Conditions, Ph.D dissertation, Boston University, Boston, MA, USA, pp. 165 (1991).
51. Hwang, J.-S., Costello, J. H., and Strickler, J. R., “Copepod grazing in
turbulent flow: elevated foraging behavior and habituation to escape
responses,” Journal of Plankton Research, Vol. 6, pp. 421-431 (1994).
52. Hwang, J.-S. and Dahms, H.-U., “Research on zooplankton behavior
and ecology by fastcam,” Journal of Ocean and Underwater Technology,
Vol. 16, No. 2, pp. 36-39 (in Chinese) (2006).
53. Hwang, J.-S., Dahms, H.-U., and Dur, G., “Video applications in biological oceanography,” Journal of Ocean and Underwater Technology,
Vol. 16, No. 2, pp. 46-48 (in Chinese) (2006).
54. Hwang, J.-S., Lee, M.-A., and Lin, W.-W., (eds.), “The application of
Electro-optical technology on ocean and underwater sciences,” Journal
of Ocean and Underwater Technology, Vol. 16, No. 2, pp. 48 (in Chinese)
(2006).
55. Hwang, J.-S. and Strickler, J. R., “Can copepods differentiate prey from
predator hydromechanically?” Zoological Studies, Vol. 40, No. 1, pp.
1-6 (2001).
56. Hwang, J.-S. and Strickler, J. R., “Research on zooplankton and
benthos by laser optical technology: overview and perspective,” Journal
of Ocean and Underwater Technology, Vol. 16, No. 2, pp. 40-45 (in
Chinese) (2006).
57. Hwang, J.-S. and Turner, J. T., “Behaviour of cyclopoid, harpacticoid,
and calanoid copepods from coastal waters of Taiwan,” Marine Ecology,
Vol. 16, No. 3, pp. 207-216 (1995).
58. Hwang, J.-S., Turner, J. T., Costello, J. H., Coughlin, D. J., and Strickler,
J. R., “A cinematographic comparison of behavior by the calanoid
copepod Centropages hamatus: Tethered versus free-swimming
animals,” Journal of Experimental Marine Biology and Ecology, Vol.
167, pp. 277-288 (1993).
59. Ianora, A., Casotti, R., Bastianini, M., Brunet, C., d’Ippolito, G., Acri, F.,
Fontana, A., Cutignano, A., Turner, J. T., and Miralto, A., “Low
reproductive success for copepods during a bloom of the
non-aldehyde-producing diatom Cerataulina pelagica in the North
Adriatic Sea,” Marine Ecology, Vol. 29, pp. 399-410 (2008).
60. Jakobsen, H. H., Halvorsen, E., Hansen, B. W., and Visser, A., “Effects
of prey motility and concentration on feeding in Acartia tonsa and Temora longicornis: the importance of feeding modes,” Journal of
Plankton Research, Vol. 27, pp. 775-785(2005).
61. Jiang, H. and Paffenhöfer, G.-A., “Hydrodynamic signal perception by
the copepod Oithona plumifera,” Marine Ecology Progress Series, Vol.
373, pp. 37-52 (2008).
62. Katz, J., Donaghay, P. L., Zhang, J., King, S., and Russell, K., “Submersible holocamera for detection of particle characteristics and mo-

120

Journal of Marine Science and Technology, Vol. 18, No. 1 (2010)

tions in the ocean,” Deep-Sea Res I, Vol. 46, pp. 1455-1481 (1999).
63. Kiorboe, T., “Optimal swimming strategies in mate-searching pelagic
copepods,” Oecologia, Vol. 155, pp. 179-192 (2008).
64. Koehl, M. A. and Strickler, J. R., “Copepod feeding currents: food
capture at low Reynolds number,” Limnology and Oceanography, Vol.
26, pp. 1062-1073 (1981).
65. Lavrent’ev, M. M., Zerkal, S. M., and Trofimov, O. E., Computer
Modelling in Tomography and Ill-Posed Problems, Brill, Amsterdam
(2001).
66. Lawson, G. L., Wiebe, P. H., Stanton, T. K., and Ashjian, C. J.,
“Euphausiid distribution along the western antarctic peninsula - Part A:
Development of robust multi-frequency acoustic techniques to identify
euphausiid aggregations and quantify euphausiid size, abundance, and
biomass,” Deep-Sea Research Part II, Vol. 55, No. 3-4, pp. 412-431
(2008).
67. Lenz, J., Schnack, D., Petersen, D., Kreikemeier, J., Hermann, B., Mees,
S., and Wieland, K., “The ichthyoplankton recorder: a video recording
system for in situ studies of small-scale plankton distribution patterns,”
ICES Journal of Marine Science, Vol. 52, pp. 409-417 (1995).
68. Luo, T., Kramer, K., Goldgof, D., Hall, L., Samson, S., Remsen, A., and
Hopkins, T., “Recognizing plankton from the shadow image particle
profiling evaluation recorder,” IEEE Trans Systems, Man Cybernetics B,
Vol. 34, No. 4, pp. 1753-1762 (2004).
69. Malkiel, E., Alquaddoomi, O., and Katz, J., “Measurements of plankton
distribution in the ocean using submersible holography,” Measurement
Science Technology, Vol. 10, pp. 153-1161 (1999).
70. Malkiel, E., Sheng, J., Katz, J., and Strickler, J. R., “The 3-dimensional
flow field generated by a feeding calanoid copepod measured using
digital holography,” Journal of Experimental Biology, Vol. 206, pp.
3657-3666 (2003).
71. Matsumoto, B. (ed.), Cell Biological Applications of Confocal Microscopy, Academic Press, San Diego, CA (1993).
72. Mcgehee, D. and Jaffe, J. S., “Three-dimensional swimming behavior
of individual zooplankters: observations using the acoustical imaging
system Fish TV,” ICES Journal of Marine Science, Vol. 53, No. 2, pp.
363-369 (1996).
73. Moison, M., Schmitt, F., and Souissi, S., “Investigating seasonal
changes of the calanoid copepod Temora longicornis swimming behavior using statistical analyses,” Geophysical Research Abstracts 10:
EGU2008-A-09481 (2008).
74. Morel, A. and Maritorena, S., “Bio-optical properties of oceanic waters:
A reappraisal.,” Journal of Geophysical Research, Vol. 106, No. C4, pp.
7163-7180 (2001).
75. Mutlu, E., “Compared studies on recognition of marine underwater
biological scattering layers,” Journal of Applied Biological Sciences,
Vol.1, pp. 113-119 (2007).
76. Nishibe, Y. and Ikeda, T., “Metabolism and elemental composition of
four oncaeid copepods in the western subarctic Pacific,” Marine Biology,
Vol. 153, pp. 397-404 (2008).
77. Ohman, M. D. and Venrick, E. L., “CalCOFI in a changing ocean,”
Oceanography, Vol. 16, pp. 76-85 (2003).
78. Olney, J. E. and Houde, E. D., “Evaluation of in situ silhouette photography in investigations of estuarine zooplankton and ichthyoplankton”
Bulletin Marine Science, Vol. 52, pp. 845-872 (1993).
79. Ortner, P. B., Hill, L. C., and Edgerton, H. E., “In-situ silhouette photography of oceanic zooplankton,” Deep-Sea Research, Vol. 28, pp.
1569-1576 (1981).
80. Paffenhoefer, G.-A., Strickler, J. R., and Alcaraz, M., “Suspensionfeeding by herbivorous calanoid copepods: a cinematographic study,”
Marine Biology, Vol. 67, pp. 193-199 (1982).
81. Park, E. T. and Ferrari, F. D., “Species diversity and distributions of
pelagic calanoid copepods (Crustacea) from the Southern Ocean,” in
Smithsonian at the Poles: Contributions to International Polar Year
Science (Krupnik, I. I., Lang, M. A., and Miller, S. E.,), pp. 143-180
(2009).
82. Pernia, J., De Roa, E. Z., and Palacios-Caceres, M., “Prey-predator

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

relationship between the cyclopoids Mesocyclops longisetus and
Mesocyclops meridianus with Anopheles aquasalis larvae,” Journal of
the American Mosquito Control Association, Vol. 23, pp. 166-171
(2007).
Poulton, A. J., Adey, T. R., Balch, W. M., and Holligan, P. M., “Relating
coccolithophore calcification rates to phytoplankton community dynamics: regional differences and implications for carbon export,” DeepSea Research II, Vol. 54, pp. 538-557 (2007).
Price, H. J., “Swimming behavior of krill in response to algal patches: a
mesocosm study,” Limnology and Oceanography, Vol. 34, pp. 649-659
(1989).
Price, H. J., Paffenhöfer, G. A., Boyd, C. M., Cowles, T. J., Donaghay,
P. L., Hamner, W. M., Lampert, W., Quetin, L. B., Ross, R. M., Strickler,
J. R., and Youngbluth, M. J., “Future studies of zooplankton behavior:
questions and technological developments,” Bulletin Marine Science,
Vol. 43, pp. 853-872 (1988).
Rau, G. H., Ohman, M. D., and Pierrot-Bults, A. C., “Linking nitrogen
dynamics to climate variability off Central California: a 51 year record
based on 15N/14N in CalCOFI zooplankton,” Deep-Sea Research II,
Vol. 50, pp. 2451-2467 (2003).
Rife, J. and Rock, S. M., “Field experiments in the control of a jellyfish
tracking ROV,” MTS/IEEE Oceans 2002, Biloxi, MS, p. 2031-2038
(2002).
Rogers, C. S. and Miller, J., “Coral bleaching, hurricane damage, and
benthic cover on coral reefs in St. John, US Virgin Islands: a comparison
of surveys with the chain transect method and videography,” Bulletin
Marine Science, Vol. 69, pp. 459-470 (2001).
Samson, S., Hopkins, T., Remsen, A., Langebrake, L., Sutton, T., and
Patten, J., “A system for high-resolution zooplankton imaging,” IEEE
Journal of Oceanic Engineering, Vol. 26, pp. 671-676 (2001).
Schminke, H.-K., “Entomology for the copepodologist,” Journal of
Plankton Research, Vol. 29, Suppl. 1, pp. i49-i62 (2007).
Schmitt, F. G. and Seuront, L., “Intermittent turbulence and copepod
dynamics: increase in encounter rates through preferential concentration,” Journal of Marine Systems, Vol. 70, pp. 3-4 (2008).
Schmitt, F. G., Seuront, L., Hwang, J.-S., Souissi S. and Tseng, L.-C.,
“Scaling of swimming sequences in copepod behavior: data analysis and
simulation,” Physica A, Vol. 364, pp. 287-296 (2006).
Schöfield, O., Kerfoot, J., Mahoney, K., Moline, M., Oliver, M.,
Lohrenz, S., and Kirkpatrick, G., “Vertical migration of the toxic
dinoflagellate Karenia brevis and the impact on ocean optical properties,” Journal of Geophysical Research-Oceans, 111(C6), Artn c06009
(2006).
Shimizu, K. and Kitama, M., “Fundamental study on near-axis scattered
light and its application to optical computed tomography,” Optical Review, Vol. 7, pp. 383-388 (2000).
Sieracki, C. K., Sieracki, M. E. and Yentsch, C. S., “An imaging-inflow
system for automated analysis of marine microplankton,” Marine
Ecology Progress Series, Vol. 168, pp. 285-296 (1998).
Signoretto, C., Burlacchini, G., Pruzzo, C., and Canepari, P., “Persistence of Enterococcus faecalis in aquatic environments via surface interactions with copepods,” Applied and Environmental Microbiology,
Vol. 71, pp. 2756-2761 (2005).
Simpson, R. G., Williams, R., Ellis, R. E., and Culverhouse, P. F.,
“Biological pattern recognition by neural networks,” Marine Ecology
Progress Series, Vol. 79, pp. 303-308 (1992).
Stramski, D. and Mobley, C. M., “Effects of microbial particles on ocean
optics: A database of single-particle optical properties,” Limnology and
Oceanography, Vol. 42, No. 3, pp. 538-549 (1997).
Strickler, J. R., “Observing free-swimming copepods mating,” Philosophical Transactions of the Royal Society B-Biological Sciences, Vol.
353, pp. 671-680. (1998).
Strickler, J. R. and Hwang, J.-S., “Matched spatial filters in long
working distance microscopy of phase objects,” Wu, J. L., Hwang, P. P.,
Wong, G., Kim, H., and Cheng, P. C., (eds.), Focus on Multidimensional
Microscopy, World Scientific Publishing Co., Singapore. Vol. 2, pp.

H.-U. Dahms and J.-S. Hwang: Perspectives of Underwater Optics in Biological Oceanography and Plankton Ecology Studies

217-239 (1999).
101. Strickler, J. R., Udvadia, A. J., Marino, J., Radabaugh, N., Ziarek, J., and
Nihongi, A., “Visibility as a factor in the copepod-planktivorous fish
relationship,” Scientia Marina, 69, 11-124 (2005).
102. Sydor, M., “Statistical treatment of remote sensing reflectance from
coastal ocean water: proportionality of reflectance from multiple
scattering to source function b/a.” Journal of Coastal Research, Vol. 23,
No. 5, pp. 1183 (2007).
103. Székács, A., Adányi, N., Székács, I., Majer-Baranyi, K., and Szendrö, I.,
“Optical waveguide light-mode spectroscopy immunosensors for environmental monitoring.” Applied Optics, Vol. 48, No. 4, pp.
B151-B158 (2009).
104. Takahashi, K. and Tiselius, P., “Ontogenetic change of foraging behaviour during copepodite development of Acartia clause,” Marine Ecology
Progress Series, Vol. 303, pp. 213-223 (2005).
105. Tang, X., Stewart, W. K., Vincent, L., Huang, H. E., Marra, M., Gallager,
S. M., and Davis, C. S., “Automatic plankton image recognition,” Artificial Intelligence Review, Vol. 12, pp. 177-199 (1998).
106. Thomalla, S. J., Poulton, A., Sanders, R., Turnewitsch, R., Holligan,
P. M., and Lucas, M. I., “ Variable fluxes and efficiencies for calcite,
opal, and organic carbon in the Atlantic Ocean: a ballast effect in action?” Global Biogeochemical Cycles, Vol. 22, pp. GB1010 (2008).
107. Tiselius, P., “An in situ video camera for plankton studies: design and
preliminary observations,” Marine Ecology Progress Series, Vol. 164,
pp. 293-299 (1998).
108. Toennesson K., Nielsen, T. G., and Tiselius, P., “Feeding and production
of the carnivorous copepod Pareuchaeta norvegica in the Skagerrak,”
Marine Ecology Progress Series, Vol. 314, pp. 213-225 (2006).
109. Trager, G. C., Hwang, J.-S., and Strickler, J. R., “Barnacle suspensionfeeding in variable flow,” Marine Biology, Vol. 105, pp. 117-127 (1990).
110. Tseng, L. C., Kumar, R., Dahms, H. U., Chen, C. T., Souissi, S., Chen,
Q. C., and Hwang, J.-S., “Copepod community structure over a marine
outfall area in the northeastern South China Sea,” Journal of the Marine
Biological Association UK, Vol. 88, No. 5, pp. 955-966 (2008).
111. Uttieri, M., Paffenhoefer, G.-A., and Mazzocchi, M. G., “Prey capture in
Clausocalanus furcatus (Copepoda: Calanoida). The role of swimming
behaviour,” Marine Biology, Vol. 153, pp. 925-935 (2008).
112. Valk, P. E., Bailey, D. L., Townsend, D. W., and Maisey, M. N., Positron
Emission Tomography: Principles and Practice, Springer-Verlag, New
York (2003).
113. Van Duren, L. A., Stamhuis, E. J., and Videler, J. J., “Reading the copepod ads: increasing encounter probability with hydromechanical
signals,” Philosophical Transactions of the Royal Society B-Biological
Sciences, Vol. 353, pp. 691-700 (1998).
114. Vanderlugt, A., Optical Signal Processing, New York, Wiley (1992).
115. Visser, A. W., Mariani, P., and Pigolotti, S., “Swimming in turbulence:
zooplankton fitness in terms of foraging efficiency and predation risk,”
Journal of Plankton Research, Vol. 31, No. 2, pp. 121-133 (2009).
116. Waggett, R. J. and Buskey, E. J., “Calanoid copepod escape behavior in
response to a visual predator,” Marine Biology, Vol. 150, pp. 599-607
(2007).
117. Watabe, T. and Yamazaki, S., “Observations on distribution of the red
queen crab of Chionecetes japonicus using the video monitoring system
with a deep-sea towed sledge,” Nippon Suisan Gakkaishi, Vol. 65, pp.
503-504 (1999).
118. Weissburg, M. J., Doall, M. H., and Yen, J., “Following the invisible
trail: Kinematic analysis of mate tracking in the copepod Temora

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

121

longicornis,” Philosophical Transactions of the Royal Society
B-Biological Sciences, Vol. 353, pp. 701-712 (1998).
Welsch, W., Barthel, K. G., Froese, R., Hermann, B., Lenz, J., Mees, S.,
Schnack, D., and Waller, U., “A high-speed video recording system for
in-situ studies on small-scale distribution of zooplankton and ichthyoplankton; preliminary results on the distribution of plankton in the
Bornholm Basin (Central Baltic),” ICES Council Minutes Paper L, Vol.
82, pp. 1-12 (1991).
Widder, E. A., Johnsen, S., Bernstein, S. A., Case, J. F., and Neilson,
D. J., “Thin layers of bioluminescent copepods found at density discontinuities in the water column,” Marine Biology (Berlin), Vol. 134, pp.
429-437 (1999).
Wiebe, P. H. and Benfield, M. C., “From the Hensen net towards 4-D
biological oceanography,” Progress in Oceanography, Vol. 56, pp. 7-136
(2003).
Wiggert, J. D., Hofmann, E. E., and Paffenhoefer, G.-A., “A modeling
study of developmental stage and environmental variability effects on
copepod foraging,” ICES Journal of Marine Science, Vol. 65, pp. 379398 (2008).
Wilkinson, C., “The 1997-98 mass coral bleaching and mortality event:
2 years on. In: Wilkinson C (ed) Status of coral reefs of the world:
2000,” Australian Institute of Marine Science, Townsville, pp. 21-34
(2000).
Woodson, C. B. and McManus, M. A., “Foraging behavior can influence
dispersal of marine organisms,” Limnology and Oceanography, Vol. 52,
No. 6, pp. 2701-1709 (2007).
Woodsen C. B., Webster, D. R., Weissburg, M. J., and Yen, J., “The
prevalence and implications of copepod behavioral responses to
oceanographic gradients and biological patchiness,” Integrative and
Comparative Biology, pp. 1-16 (2008).
Wright, S. J., Centonze, V. E., Stricker, S.A., De Vries, P. J., Paddock, S.
W., and Schatten, G., “An introduction to confocal microscopy and 3
dimensional reconstruction,” In: Matsumoto, B. (ed.), Cell Biological
Applications of Confocal Microscopy, Academic Press, San Diego, CA,
pp. 1-45 (1993).
Yen, J. and Fields, D. M., “Escape response of Acartia hudsonica (Copepoda) nauplii from the flow field of Temora longicornis (Copepoda),”
Archiv für Hydrobiologie, Beiheft Ergebnisse der Limnologie, Vol. 36,
pp. 123-134 (1992).
Yen, J., Weissenburg, M. J., and Doall, M. H., “The fluid physics of
signal perception by mate-tracking copepods,” Philosophical Transactions of the Royal Society B-Biological Sciences, Vol. 353, pp. 387-804
(1998).
Zagami, G., Brugnano, C., and Costanzo, G., “Pseudocyclops giussanii
(Copepoda: Calanoida: Pseudocyclopidae), a new species from lake
Faro (central Mediterranean Sea),” Zoological Studies, Vol. 47, No. 5,
pp. 605-613 (2008).
Zhou, M. and Tande, K., “Optical plankton counter workshop,”
GLOBEC Report 17, University of Tromsø, Tromsø (2002).
Zielinski, O., Andrews, R., Göbel, J., Hanslik, M., Hunsänger, T., and
Reuter, R., “Operational airborne hydrographic laser remote sensing. In:
Lidar Remote Sensing of Land and Sea,” Reuter, R. (ed.), EARSeL
eProceedings, Vol. 1, pp. 53-60 (2001).
Zupo, V. and Buttino, I., “Larval development of decapod crustaceans
investigated by confocal microscopy: an application to Hippolyte inermis (Natantia),” Marine Biology, Vol. 138, pp. 965-973 (2001).

