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Digital In-line Holography as a Three-Dimensional
Tool to Study Motile Marine Organisms During
Their Exploration of Surfaces
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The swimming patterns of zoospores of the green alga Ulva linza in the vicinity of a
surface were investigated by digital in-line holography. Full 3D motion patterns
were retrieved from measurements and the traces obtained were compared with
known swimming patterns of spores of the brown alga Hincksia irregularis and
the green alga Ulva linza as seen in a conventional optical microscope. Quantitative
information such as swimming velocity was calculated from the 3D traces. The
results demonstrate the potential of digital in-line holography to image and quantify
exploratory patterns of behavior of motile spores close to surfaces. This technique can
give detailed insight into mechanisms of surface colonization by spores and larvae of
fouling organisms in response to changes in surface properties.
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INTRODUCTION

Many sessile marine organisms reproduce by the production of motile
spores or larvae. For such organisms, locating and settling on a
surface is a critical stage in their life cycle. Because of the importance
of this step for survival and reproduction, surface colonization is not a
random process, and there is a substantial body of evidence that shows
it is moderated by the chemical and physical nature of the surface [1,2].
When the surface colonized by these organisms is a manmade structure
such as the hull of a vessel, the settlement of spores or larvae contri-
butes to biofouling. One of the key ideas for the development of novel
antifouling coatings is to exploit the choosiness of the settling (adhesion)
stages of fouling organisms by creating a deterrent surface [1–3]. It has
been shown that the exploration of surfaces, e.g., by the cypris larva of
the tropical barnacle Balanus amphitrite, involves distinct motion pat-
terns that depend on the properties of the surface [4]. The exploration
behavior of spores of the brown alga Hincksia irregularis was also inves-
tigated by compound microscopy [5]. Five different swimming patterns
(straight path, search circles, orientation, gyration, and wobbling) were
distinguished, facilitating a new antifouling bioassay by determining
the change in the ratio of RCD (rate of change direction) and SPD (swim-
ming speed) [6–8]. By introducing certain chemicals into seawater, the
ratio of RCD=SPD changed. The swimming and surface exploration
behaviors of Ulva spores, which are addressed in this article, have been
studied before by video microscopy [9]. A transition from an erratic, ran-
dom motion followed by a more localized searching pattern was observed
prior to settlement. The final settlement stage involves a rapid spinning
motion on the substratum, immediately prior to the irreversible commit-
ment to settlement and secretion of adhesive. However, the three-
dimensionality of the motion of a swimming algal spore makes it diffi-
cult for conventional optical microscopy to follow the cell throughout
its exploration phase from a point far away from the surface to the close
vicinity of the surface where sensing occurs. High-speed data acqui-
sition in modern light microscopes allows algal cells to be traced, but
the intrinsic two-dimensionality of the technique provides only either
the projection of the trace (large depth of focus) or the visualization of
one focal plane (small depth of focus). In general, a quantification
of motion is difficult with this type of compound microscopy as all
three-dimensional coordinates are mandatory to perform an accurate
calculation of, for example, swimming velocity. In this article, we dem-
onstrate the feasibility of digital in-line holography as an intrinsically
three-dimensional microscopy technique to investigate surface explo-
ration behavior of zoospores of the green alga Ulva linza. Sample traces
obtained during exploration and early settlement stages are shown.
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The basic idea of in-line holography was first described by Gabor
[10] in 1948. The underlying concept is the formation of a diffraction
pattern when coherent radiation is penetrating a sample. As shown in
Fig. 1, the undisturbed photons (‘‘primary wavefront’’ or ‘‘reference
wave’’) and those scattered from the object (‘‘secondary wavefront’’)
interfere and form the observed diffraction pattern. From this
so-called hologram, real space information can be retrieved either opti-
cally or digitally by a reconstruction algorithm [11]. In principle, in-line
holography can be carried out with parallel or spherical wavefronts.
Parallel wavefronts are easier to handle, and the reconstruction algo-
rithms are easier to implement. If digital detectors are used, the
trade-off is the limitation of the resolution by the size of the pixels. Such
a parallel wavefront approach has been implemented successfully for a
variety of questions that are relevant for our underwater research stu-
dies [12]. The limitation of the resolution by the pixel spacing was, on
the one hand, overcome by using conventional photographic plates,
which, on the other hand, are limited in terms of acquisition frequency

FIGURE 1 General principle of digital in-line holography and pattern
formation for a moving particle such as a zoospore of the alga Ulva.
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and total number of images. Nonetheless, the advantage of using
holography for underwater research is obvious for the investigation
of large volumes because there is no necessity for focusing, as this
can be done later using the computer. If spherical wavefronts are used
for holography, the resolution is no longer limited by the pixel size of
the detector, but by the wavelength and acceptance angle of the detec-
tor system [11,13]. Furthermore, if oil-immersion techniques are
applied, holographic microscopy is possible with high magnification
and at a resolution of less than a micrometer [14]. Digital in-line holo-
graphy is especially powerful in tracking objects by a combination of
multiple exposures [15]. As has been shown in microfluidic experi-
ments [16] and the tracking of the unicellular alga Tetraselmis and bac-
teria [17], moving objects can be followed in three dimensions with
remarkable accuracy and high time resolution. Applications such as the
determination of the swimming speed of the alga Alexandrium (Dino-
phyceae) show that scientific questions about swimming behavior of cer-
tain marine species can be addressed by this technique [18]. A major
advantage is the application of digital in-line holographic microscopy
(DIHM) in the field as some measurements were performed with a device
deployed in the ocean up to a depth of 20 m [12,19]. The technique can be
applied to an environment where it is mostly impossible to use a conven-
tional microscope. However, the technique has not yet been applied to
studies of swimming organisms that show surface exploration and settle-
ment=adhesion types of behavior. In this article, we show the applica-
bility of digital in-line holography to study the surface exploration
behavior of zoospores of the green alga Ulva linza. A glass surface was
used because this is the most commonly used standard surface for experi-
ments and observations on Ulva spore settlement and adhesion [9].

Ulva, syn Enteromorpha, is a common, green macroalga found
throughout the world in the upper intertidal zone of seashores and as
a fouling organism on a variety of manmade structures including ships’
hulls [20]. Like the dispersal stages of other sessile marine organisms,
Ulva zoospores need to locate and adhere to a surface quickly to com-
plete their life history. Once a zoospore has located a suitable surface,
it goes through a process of settlement whereby the motile cell becomes
anchored to the surface through the release of a glycoprotein adhesive
[3]. The whole process of settlement and adhesion can occur within sec-
onds to minutes of presenting a suitable surface to a population of
spores. Like the two-dimensional studies mentioned previously infor-
mation about the exploration of surfaces by zoospores prior to settle-
ment will provide important insight into the sensing mechanism of
this class of marine organisms. Such information is relevant to the
design of novel antifouling coatings for marine environments.
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MATERIALS AND METHODS

Experimental Setup

The underwater holographic microscope is similar to the setup
described previously [19] and was purchased from Helix Science Appli-
cation [21]. In addition, a sample stage was implemented in the micro-
scope to mount a coverslip or a microscope slide at a defined position. A
new observation chamber was also constructed to work with a defined
volume. Even though it is possible to use this device underwater, for
more controlled conditions in which to test the applicability of this
device to settling organisms, all current experiments were performed
on a laboratory bench without submersing the whole microscope.

The surfaces used for zoospore settlement were glass coverslips
(22 mm� 50 mm) cleaned in 0.1 M HCl solution for 24 h and rinsed
extensively in deionized water.

Ulva Zoospore Suspensions

Fertile plants of Ulva linza were collected from the seashore at Llantwit
Major, South Wales, U.K. (51�400 N; 3�480 W) in September 2006, 4 days
before the full moon. Zoospores were released and prepared for settle-
ment studies as described previously [9]. The observation chamber of
the holographic microscope was filled with 100 ml of 0.2-mm-filtered arti-
ficial seawater, and 200ml of a spore suspension containing 1.5� 106

spores ml�1 solution were added, giving a final concentration of
3� 103 spores ml�1. Swimming behavior in the vicinity of a glass cover-
slip was studied over 1 h. A set of 200 holograms was recorded with an
acquisition frequency of 11 frames per second. The holograms were
stored and analyzed later by the algorithms described later.

Reconstruction and Analysis

The experiment analyzed in this study consisted of 200 sequential
holograms. For each hologram, a full three-dimensional reconstruction
was necessary, and each hologram was analyzed in 16 z planes to
determine the accurate z position of any spore. The amount of data
analyzed was 3200 images or 3.125 GB of data.

All reconstructions of the holograms were performed with the DIHM
software package purchased from Helix Science Application [21], which
is based on the Kreuzer-patented implementation of the Kirchhoff–
Helmholtz transformation [15]. The basic principle for composite
holograms and tracking was described previously [15,16]. The three-
dimensional trace analysis was carried out with new custom-designed
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software routines to find the accurate x,y, and z position mostly auto-
matically. To determine a projected lateral path, all z layers of one
frame were added up into a single image. In all sum images, the x,y
position of the spore was determined manually. This crude x,y position
was refined automatically by a main focus determination. Using this
precise x, y position for any spore in each frame, the z position was also
determined automatically by main focus determination in the corre-
sponding z layers.

Because of the intrinsic divergence of the illumination, the analyzed
field of view changed constantly throughout different z distances
between the pinhole and the object. At a distance of 1100 mm from
the pinhole, the field of view was 363� 363 mm2, and at 2100 mm
above the pinhole, the field of view was 693� 693 mm2. With the field
of view, the magnification also changes through the investigated
volume. Close to the surface, the field of view was 419� 419 mm2,
which corresponds to a magnification of 460. The error of the position
determination was tested by changing the trace starting values and
running the algorithm again. The positions obtained were compared
to confirm the self-consistency of the algorithm. A detailed error deter-
mination on position determination in holography is currently being
developed. The error, e.g., for the x,y position for the described experi-
ment, was determined to be �0.1 mm. For all described motion pat-
terns, quantitative values are given, e.g., for the velocity. However,
before generalizing the absolute values, more data are necessary.

RESULTS AND DISCUSSION

Figure 2a shows a part of a typical hologram sequence that was
recorded over a time period of approximately 20 s. Out of the whole
series, 50 frames recorded at a rate of 11 frames per second were
added up according to the algorithm described previously [15]. The
reconstruction algorithm described previously can be applied to the
hologram for different reconstruction planes, and sections through
the observation volume can be retrieved. Figures 2b and 2c show
two of those reconstruction planes. Hence, from the same hologram
sequence, spores at different depths in the volume of seawater can
be reconstructed at a time. To obtain the best depth resolution in
the three-dimensional position optimization, only two frames were
accumulated and reconstructed. As described before, for each position
of the spores, a complete stack of images throughout the volume was
reconstructed and the precise position of every spore at a different
time point was determined. As result, a set of x, y, z coordinates for
one spore as a function of time can be extracted from the scattering
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FIGURE 2 Recorded hologram series and reconstructed images; a) accumu-
lated hologram consisting of 50 single frames, b) reconstruction of hologram
(a) 1300 mm above the pinhole, and c) reconstruction of hologram (a) 1830mm
above the pinhole.
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patterns. Such a four-dimensional matrix was calculated for each
spore that swam through the observation volume during the measure-
ment. Note that both the interaction between different spores and
their interaction with the surface can be followed simultaneously.

Although the picture stacks retrieved from the hologram comprise a
large amount of data, the extraction of the four-dimensional matrices
as described previously is mandatory to represent and quantify the
motion in an effective manner. Figure 3 shows one of the three-
dimensional plots of the movement of four (labeled 1–4) different Ulva
spores. The data were retrieved from the single hologram series shown
in Figure 2a, i.e., the four different swimming patterns labeled 1–4,
were observed simultaneously in the same time interval. From this
three-dimensional plot, it becomes obvious that the four spores behave
differently. Although spore 3 found a suitable place on the surface to
settle, spores 1 and 2 were swimming at a certain distance from the
surface without noticeable interaction. Spore 4 resembles an inter-
mediate state; the spore is seen to explore the surface by attaching,
then moving in close proximity to the surface and detaching. This
behavior becomes clearer looking at the projections of the motion in
Figure 4. Figure 4a shows the lateral position projected down onto
the surface (top view) and Figure 4b the side view of the swimming
depth. While the projection shows the exploratory patterns on the

FIGURE 3 Three-dimensional swimming pattern determined from the holo-
gram series for four different spores observed simultaneously within the obser-
vation volume. All four traces start at the position of the slightly larger black
dot.
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surface (‘‘exploration logic’’), the diving depth in projection reveals if
the spore is in contact with the surface. With the information in
Figures 3 and 4, we can now qualitatively assign the observed swim-
ming patterns to the classification used by Iken et al. [5]. Five different

FIGURE 4 Two-dimensional projections of the trace shown in Figure 3:
a) lateral view of the swimming pattern and b) swimming depth during the
swimming pattern.
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patterns of motion, (1) straight path, (2) gyration, (3) search circle, (4)
orientation, and (5) wobbling, were distinguished. Although this
assignment was given for spores of a different alga, namely Hincksia
irregularis, this concept obviously is also applicable to spores of Ulva.
However, the search cycles for Hincksia spores are much bigger than
for Ulva spores, and the wobbling pattern could not be found in the
experiment reported here.

Pattern 1 is assigned to what is known as a straight path in the case
of brown algae Hincksia irregularis [5]. In our experiments, this move-
ment only occurred far away from the surface (Figure 4b), which is in
agreement with the qualitative observations reported in Ref. [5]. The
suggestion that the spore uses this motion to move over a large dis-
tance and not to search a place to settle seems reasonable. From the
data, we can also derive quantitative information such as the mean
swimming distance between two frames (18 mm� 21 mm) or the aver-
age swimming speed (302 mm � s�1� 236 mm � s�1). In contrast to the
two-dimensional investigations using a compound microscope, all
three dimensions determined contribute to the velocity calculation
as the three-dimensional distance vector D~dd between two subsequent
positions i and j results in D~dd ¼ ~ddi � ~ddj. Each of the position vectors
~ddi and ~ddj consist of x, y, and z coordinates. The velocity was obtained
by calculating the absolute of this vector divided by the time between
the two pictures: n ¼ jD~ddj=Dt. Pattern 2 shows what is for brown algae
known as orientation [5] or is described for Ulva linza as erratic, ran-
dom motion [9]. In this pattern, the spore changes its direction of
swimming with high frequency. The spore is relatively close to the sur-
face, but it is not known whether the spore recognizes the surface such
that it has an effect on its motion. The mean swimming distance per
frame was 30 mm� 24mm, and the average swimming speed as
determined from this trace was 334 mm s�1� 269 mm s�1. The velocity
values for pattern 2 were similar to those observed in pattern 1, but
the standard deviation in pattern 2 was higher because of the frequent
changes in the direction of movement.

In the following, we concentrate on traces 3 and 4, which are rel-
evant to find out if there is an exploratory logic in the motion of Ulva
spores. Pattern 3, known as search circle [5], is represented in a mag-
nified top view in Figure 5. This behavior is a typical motion for spores
in the direct vicinity of the surface at what appears to be a hospitable
position. In this pattern, the spore was always in contact with the
surface and appears to test the surface for a relatively long period of
time while swimming frequently over the same area. Obviously, the
swimming distance between different frames is much smaller
(17 mm� 6 mm) than in the case of traces 1 and 2. The average speed
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was 188 mm � s�1� 74 mm � s�1. The probed surface area during the
observation time of 20 s was 50� 50 mm2.

Although pattern 3 shows a spore that almost settled on a certain
spot and searched within a very restricted area, pattern 4 resembles
an interaction pattern that is between patterns 1 or 2 and pattern 3.
The spore in pattern 4 changes between a straight-path motion and
an explorative behavior with some touchdowns on the surface. This
intermediate behavior is described as gyration [5] and appears to be
similar to the change from erratic random motion into a more localized
searching behavior previously reported for Ulva spores [9]. This pat-
tern is very important for understanding the sensing abilities of a
zoospore. It seems only to occur at a certain distance above the surface
where the spore swims over the surface and touches or senses the sur-
face occasionally, trying to find a place that is worth exploring in more
detail. If the spore decides to descend onto the surface, the swimming
pattern changes into the search circle motion (cf. pattern 3). The
gyration pattern can be divided into different phases (Figure 6): in
the beginning (part A) of the trace, the organism moves in circles over
the surface with occasional touchdowns. Eventually (part B), the zoos-
pore moves in a straight path over the surface to attempt a different
spot. In this case, the organism starts probing the surface only for a
very short time (part C), but long enough to decide whether to continue

FIGURE 5 Detail top view of search pattern 1 from Figure 3.
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with an orientation motion similar to pattern 2 (part D). The swim-
ming properties during this observation time can be quantified. The
intermediate motion (parts A, B, C, and D) had a mean swimming
distance per frame of 19mm� 17 mm, and the average speed was
215 mm � s�1� 151 mm � s�1. During the gyration pattern in parts A, B,
and C, the spore was located at 80 � 20 mm above the surface. In part A
of the pattern, the total area in which the spore was probing the sur-
face was 150� 150 mm2. For probing this surface area, which is six
times as large as the probed area of the spore in pattern 3, the spore
spends less time (�5 s) than the spore of pattern 3. This highlights
the difference between these two patterns. The mean swimming dis-
tance per frame for part A is 17 mm� 11 mm, and the average speed
observed is 189 mm � s�1� 127 mm � s�1. Both values are significantly
larger than in pattern 3 and smaller than in pattern 1 or 2. This indi-
cates that the gyration state is a real intermediate state between
intensive searching and free swimming. In Part D of the gyration pat-
tern, the mean swimming distance per frame (30 mm� 17 mm) and the
average speed (329 mm � s�1� 189 mm � s�1) increases to a value similar

FIGURE 6 Different motion patterns A–D during the gyrational motion of
trace 4: a) three-dimensional view of the trace, b) swimming depth, and c) lat-
eral view of the swimming pattern.
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to pattern 1 or 2. This measurement shows the change from the
gyration pattern to the orientation pattern, which is accomplished
by the increase of velocity.

CONCLUSION

We have demonstrated the applicability of digital in-line holography to
answer questions relevant to understanding how Ulva zoospores
explore surfaces. Such patterns are relevant to understanding how
surface properties may moderate exploration and aid in the develop-
ment of antifouling coatings. Full three-dimensional motion patterns
were retrieved from the measurements and identified as specific
motion patterns. Quantitative information such as the velocity in a
specific motion pattern was calculated. However, without more data
and, hence, better statistics, we cannot yet generalize these results.
In future work, exploration patterns of Ulva zoospores will be studied
on surfaces with different surface properties, e.g., topography and
chemistry. The goal is to find a correlation between surface properties
(energy, chemistry, morphology, charge, and mechanical properties)
and the exploration behavior of zoospores leading to settlement and
permanent adhesion.
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