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Abstract

Monitoring the ecology and physiology of corals, sediments, planktons, and microplastic at a suitable spatial resolution is of great
importance in oceanic scientific research. To meet this requirement, an underwater microscope with an electrically controlled
variable lens was designed and tested. The captured microscopic images of corals, sediments, planktons, and microplastic
revealed their physical, biological, and morphological characteristics. Further studies of the images also revealed the growth,
degradation, and bleaching patterns of corals; the presence of plankton communities; and the types of microplastics. The imaging
performance is majorly influenced by the choice of lenses, camera selection, and lighting method. Image dehazing, global
saturation masks, and image histograms were used to extract the image features. Fundamental experimental proof was obtained
with micro-scale images of corals, sediments, planktons, and microplastic at different magnifications. The designed underwater
microscope can provide relevant new insights into the observation and detection of the future conditions of aquatic ecosystems.
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1 Introduction

Over the past few years, underwater microscopic imaging has
drawn the attention of researchers toward the study of marine
ecosystems, corals, kelp forests, mangroves, algae, and
millimeter- to micrometer-scale bed sediments. The areas of
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interest related to underwater microscopic imaging include the
detection of algae patterns in coral bleaching and the determi-
nation of sediment grain size (Mccook et al. 2001; Rubin
2004; Gao and Collins 1994). The microscopic analysis of
plankton and microplastics has been an active research area
in the past years. These studies are useful for geological and
biological applications. Biological and sedimentological pro-
cesses occurring in an artificial environment may vary from
those occurring in natural environments in terms of tempera-
ture, density, carbon dioxide, turbidity, pH, sedimentation,
and mechanical disturbance (Ateweberhan et al. 2013;
Delgadillo-Nuiio et al. 2014). As a result, in the research on
the benthic community temporal growth, it is difficult to study
the biological and sedimentological processes in the laborato-
ry, because of the problem of sampling site alteration (Schutte
et al. 2010). Other approaches employed involve the use of
holography and a long-distance fixed objective lens to acquire
the microscopic images of the benthic aquatic floor (Akiba
and Kakui 2000; Arora and Sahoo 2015; Jaffe et al. 2001;
Kennelly and Underwood 1984; Mullen et al. 2016; Neushul
1972; Talapatra et al. 2013). Although the previously adopted
techniques were practical, they lack integrated variable mag-
nification, deployment methods, and microscope positioning
for particular focus.
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As a result, in situ microscopy is an excellent technique for
studying the microscopic species in aquatic ecosystems. In
this paper, we present a novel method for in situ microscopy.
The design comprises an imaging and control unit in a com-
pact container, which allows for the system usage as an au-
tonomous underwater vehicle or a remotely operated vehicle
mount. A two-axis stepper motor-controlled mechanism al-
lows the necessary movement of the microscope to bring the
target in focus.

2 Methodology
2.1 Microscope Design and Operation

The designed underwater microscope (Figure 1a—d) has two
units: a control unit that holds the operator interface to regulate
lighting and magnification level and an imaging unit that
holds the electronic parts, camera, one string of led lights,
and optical parts. The design and working principles of the
underwater microscope are presented in detail herein.

The housing of the control and imaging unit is made of a
polymethyl methacrylate, which lingers on the water surface.
The imaging unit is optically transparent and can bear the
pressure corresponding to 100-m depth. This allows for
high-depth imaging, since the entire optical paths are in the
air through the house rather than water. The underwater mi-
croscope has manual- and auto-focus capabilities, due to a
motor-driven variable objective lens that provides different
magnifications and working distances through an optical win-
dow when the user smoothly moves the microscope head.
Magnification can be expanded or reduced by adjusting the
level of the objective lens from x 0.7-4.5. One variable ob-
jective lens, two Barlow lenses, one extension tube or adaptor,
one charge-coupled device (CCD) camera, and one screen
were used to produce a total magnification of X 1542.6 in this
study. This magnification could be used for the study of most
corals, bed sediments, planktons, and microplastics. The fo-
cusing and magnification can be controlled via buttons and
knobs attached to the control unit. The images captured by the
underwater microscope, with a CCD camera in the imaging
unit, were recorded on a memory card installed with a WiFi
module. This allows the download of images upon returning
to the surface via a wireless link or through a tether cable
attached to the underwater microscope.

2.1.1 Microscope Optics and Electronics

The control and imaging unit are connected through a 30-m
CATS5e cable. The imaging system contains an Arduino Nano
microcontroller, 64-gigabyte memory card, HDMI-to-RJ45
video converter, power regulators, battery charge controller,
DC motor, light controller, and lithium-ion batteries.
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Figure 1 Description of the underwater microscope and its operation. a
Control unit. b Imaging unit. ¢ Underwater microscope in the test tank
with two-axis stepper-controlled assembly. d Imaging device and coral
target are > 90-mm apart

The optical system shown in Figure 2 comprises one
Lapsun (M102) CCD camera with pixel size /.8, a frame rate
of 60 fps, and 14 megapixels at 1080p resolution with 2.4-23-
cm field of view at the working distance of 10 cm; C-mount x
2 eyepiece Barlow lens; C-mount x 2 extension adaptor; C-
mount x 0.7—4.5 objective lens; and C-mount x 2 objective
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Figure 2 Optical unit of the underwater microscope

Barlow lens. The motor-controlled variable objective lens pro-
vides robust variable magnifications.

2.1.2 Focus Stacking and Image Enhancing

Images taken in hazy ambient scenarios are severely degraded
by the dispersion of oceanic waste; moreover, hazy images
have an almost poor quality because their information cannot
be instantly reviewed by the human eyes (Ullah et al. 2013). In
this study, contrast stretching and brightening protocols were
applied to RGB images captured by the microscope to enhance
the image features. Individual pixels on the image are treated
rationally by darkening and brightening the cloudy and light
pixels, respectively, to boost the quality of the microscope-
captured images. A raw image and the enhanced form after
contrast stretching and their respective histograms are shown
in Figure 3a and b. It is difficult to capture all essential parts of
an image in proper focus due to changes in the focal distance.
The underwater microscope can focus on a single object at a
time. Thus, we could shift the focus to take various clear images
of coral and later combine all the clear images using Zerene
Stacker focus stacking software, as shown in Figure 3c.

3 Results
3.1 Resolution Characterization

A resolution study of the underwater microscope was performed
in a laboratory testing tank containing seawater, with 32 ppt
salinity, and in air using synthetic U.S. Air Force resolution chart
(USAF-1951), which is mainly used for the calibration and esti-
mation of the microscope resolution. The USAF-1951 scale was
snapped in air and testing tank by the underwater microscope,
and the pixel intensity distribution of the images was revealed
through observation using the histogram function of the Matlab
software, as shown in Figure 4a—d.

In this study, the resolution was also quantified as line pairs
per millimeter using USAF. Although the USAF test yields
precise resolution values, it depends on the definition of an
acceptable blending of horizontal and vertical lines of certain
group elements of the USAF resolution scale. As shown in
Figure 4, element 4 of group 7 was visible using a x 4.5
objective lens without blending the horizontal and vertical
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lines, which indicates the resolution and single-line thickness
of 181 Ip/mm and 2.76 wm, respectively.

Another relevant aspect of the resolution is the depth of field
(dof) of the microscope, which depends on the wavelength of
induced light, the refractive index of the medium, and numeri-
cal aperture (NA) of the objective. The dof can be calculated as:

AVn2—-NA?
dof = ———— (1)
NA

At x 4 objective with a NA of 0.1, wavelength (A) of 0.56
um, and refractive index () of 1.362, the dof of the underwa-
ter microscope was equal to 74.7 pum.

Typically, the higher the magnification power, the larger
the NA and, consequently, the dof becomes smaller. In the
underwater microscope, the dof can be manually changed by
adjusting the objective lens magnification.
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Figure 3 Image enhancement and focus stacking illustration. a Initial
color image of coral in test tank. b Contrast enhancement of coral
image (x and y axes represents pixel intensity and pixel frequency,
respectively). ¢ Coral images at different focuses and focus stacking
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Figure 4 Resolution testing with USAF-1951 chart. a Image captured in
the air at x 1028.4 digital magnification with X 3 objective lens, image
captured with x 3 objective lens in the water at x 1028.4 digital magni-
fication, and image captured with X 4.5 lens in water at x 1542.6 digital
magnification. b Pixel intensity of the image in air with x 3. ¢ Pixel
intensity of the image in water with x 3. d Pixel intensity of the image
in water with x 4.5

3.2 Underwater Analysis
3.2.1 River Reed Sediment Study

Sediments are naturally occurring rock materials that are
broken into small fragments and grains through erosion
and weathering processes. They move from one place to
another through erosion (Tucker 2009). Sand is an assem-
bly of heavy minerals that are heavier than quartz and
usually dark in color. This type of heavy mineral accumu-
lation is found on beaches because of the transport of
smaller particles under wave action, leaving the heavier
particles behind. Hence, heavy mineral particles play a
vital role in the formation of black and darker sand. The

color of sand and the color of its heavy particles deter-
mine the beach color. The most common type of sand
color is light brown, which emanates from iron staining
in quartz and iron oxide in feldspar which are the two
most common constituents of sand found on most
beaches. Black-colored sand on some beaches is formed
by eroded basalt lava from volcanoes. The designed mi-
croscope was used under the sea to determine the lithol-
ogy, color, and grain size of sediments (Vaasma 2008). In
addition, the underwater microscope can study the physi-
cal characteristics of different minerals found in heavy
mineral concentrates and fine fractions recovered from
streams and rivers. Based on the size grading of grains
by Wentworth (1922), clay has a size of 0.06 um, silt is
3.9-31 pum, and sand is 63-500 um. For gradation, the
underwater microscope was used to obtain different im-
ages of sediments in the testing tank, and the imaging
performance is displayed in Figure 5a. The grain size of
surface and bottom sediments can be defined from digital
images using various methods (Rubin 2004). In addition,
the watershed segmentation method (Rabbani and
Ayatollahi 2015) was used to measure the average grain
radius, which was 94.02 micron, as shown in Figure 5b.

3.2.2 Spatial Pattern Analysis of Coral Ecology

Spatial pattern analysis is a method for analyzing the frequen-
cy of discrete points. It is an analytical method employed to
gather and analyze data on the spatial formation of individuals
scattered inside an ecosystem. The underwater microscope
was used to obtain spatial observation data at micro scales,
thus showing its capabilities for examining the distribution
patterns of corals undergoing bleaching. Coral reefs require
less nutrients, and clear water permits sunlight to reach the
zooxanthellae. Corals also provide shelter and nutrients to
zooxanthellae for their photosynthetic activities. Moreover,
corals depend on bacteria (in a kind of symbiotic association)
to obtain essential compounds for their survival (Shelyakin
et al. 2018). In addition, corals are also affected by slight
changes in the physiochemical and environmental parameters
of the ocean (Huggett and Apprill 2018).

Variation in the relationship between a coral and its mi-
crobes can cause coral disease. This alteration is due to an-
thropogenic impacts, including environmental change and
contaminated water quality near coral reefs (Grottoli et al.
2018). This way, the coral disease progresses to bleaching.
Continued spatial pattern analysis of coral reefs and coral
microbiomes through the underwater microscope is important
to understand the ecology and biology of corals and coral reefs
and how they are changing, particularly in response to exter-
nal events such as bleaching and coastal pollution (Hughes
et al. 2018; Massé et al. 2018).
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In situ images acquired in a testing tank in the
Optoelectronics and Automation Laboratory of Ocean
College, Zhejiang University, China, showed different algal
overgrowths on bleached hexagonaria coral. All images were
captured within two days. The x 3 and X 4.5 objective lens
were used to provide 3-mm and 2-mm field of view, respec-
tively. The image captured from the close examination of
coral polyps is shown in Figure 6a. Algal growth occurred
on the surface and inside the coral. The images illustrate the
locations of algae, as represented by green cells. Algal divi-
sion was performed using a global saturation threshold, as in
Figure 6b.

3.2.3 Analysis of Zooplankton Ecology

Plankton, also known as “drifters,” is a diverse heterogeneous
group of tiny organisms suspended in large water bodies such
as oceans and in freshwater bodies such as lakes, ponds,
streams, and rivers (Dai et al. 2017). As an indicator of water
quality, plankton, including zooplankton and phytoplankton,
is considered an integral component of the global carbon cycle
and the foundation of the food chain for aquatic life (Blaschko
et al. 2005; Zheng et al. 2017).

Zooplankton samples were collected using a Heron Tranter
net from the Lake of Ocean College, Zhejiang University,
Zhoushan, China. The samples were kept inside the water
tank, so that the lake water could develop to become like the
natural lake environment for zooplankton species. Later, the
abundance and distribution of zooplankton were captured
using the underwater microscope.

In this study, the major plankton species predominantly
present in the Lake of Ocean College were determined and
captured. The identification was performed in the Biological
Ocean Department of Ocean College, Zhejiang University. A
biologist observed the captured images and revealed that
Copepod, Rotifer, and Daphnia, as shown in Figure 7 were
dominant in the lake water. Of these, Rotifer and Copepod
were present in higher numbers in the lake water; this clarifies
the plankton distribution and diversity in a freshwater ecosys-
tem. The dominant species is dependent on the lake field and
the amount of phytoplankton present in it.

3.2.4 Analysis of Microplastic

Microplastics are plastics that are < 5 mm in diameter (Peng
etal. 2017). They can exist in pellet, film, and fiber forms and
range from microns to millimeters in size.

Microplastic is a major cause of marine pollution, as dem-
onstrated by its distribution in aquatic water ecosystems due to
industrialization and water discharge from industries and
houses. Their small size allows them to enter the food web
upon their uptake by marine organisms (Li et al. 2016; Peng
et al. 2017). Ingested particles can lead to physical damage or

@ Springer
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Figure 5 Underwater sediments observation with the underwater
microscope. a Image of sediments taken in testing tank with x 3
objective lens. b Image analysis showing the average grain radius of
sediments, where x and y axes represent particle frequency and particle
radius (micron), respectively

alter the animals’ digestive system. The adverse effect of
microplastic can be seen in fishes and other aquatic animals,
since they are present in the guts and intestines of fishes. The
bioaccumulation and biomagnification of microplastics in the
food web can potentially lead to its intake by humans.

Some samples were collected from the Lake of Ocean
College, Zhejiang University, Zhoushan, China, and were
sieved using 5-mm sieves. Afterward, the samples were
placed in our experimental water tank to capture images using
the underwater microscope. To better study our designed mi-
croscope, we isolated microplastic from face wash products
and cut some plastic into thin particles and obtained their
images with the underwater microscope (Figure 8). The iden-
tification was performed with assistance from the Biological
Oceanography Department of Ocean College, Zhejiang
University Zhoushan, China.
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4 Discussion

The underwater microscope for in situ imaging has the ad-
vantage of an integrated motor-controlled magnification by
the objective lens. The underwater microscope is light-
weight and cost-effective and has no complex electronic
structure. It has various advantages over traditional methods,
which are labor-, cost-, and time-intensive. During the ex-
periment, it was observed that group-7 elements of the
USAF-1951 resolution scale with 2.76-um resolution were
visible underwater.

This study shows that in situ microscopy using the un-
derwater microscope is a reliable and valid method for
studying corals to understand the effects of degradation
and algal accumulation. Furthermore, it has been proved
effective for the determination of sediment grain size, zoo-
plankton diversity, and presence of microplastics. Sea sed-
iments were examined by the underwater microscope, and
the results showed that the underwater microscope tech-
nique can be more reliable than laboratory procedures, in
which the water surface suffers little disruption, and thus,
the sampling consumes extra time. The underwater micro-
scopic images reveal the change in the physical, biological,
and morphological characteristics of corals. Under obser-
vation by the underwater microscope, corals in the testing
tank showed degradation signs after some days. Further
observations of damaged corals indicated that polyps and
their associated microorganisms were not present, since
most of the corals were covered by algae. The presence of
algae indicates coral bleaching, which is the norm for corals
living in poor nutrient-conditions (Serrano et al. 2018).

Besides identifying the algae micro-scale spatial patterns,
images were further examined by applying the global satura-
tion threshold technique using Matlab. Based on our results of
the underwater microscope efficiency experiment, the system
is accurate, practical, and well-functional, and it can be

Figure 6 Study of corals with the
underwater microscope. a The
first two images captured with x 3
when coral is alive. The last two
images captured with x 4.5 when
coral is dead. b Saturation images
where green color represents
algae

mlfam‘ ¥
|

modified to examine benthic communities and clarify the
aquatic ecosystems. Moreover, the results show that the un-
derwater microscope can store time-series images at different
magnifications, and these images can be later processed to
examine particular underwater conditions. The underwater
microscope provides the ability to capture images in benthic
aquatic ecosystems, thus enabling the observations of biolog-
ical and ecological variations. Previous studies have demon-
strated the need for a tool for observing benthic aquatic com-
munities; the novel underwater microscope can capture im-
ages at various magnifications (Mullen et al. 2016; Rubin
et al. 2007). Furthermore, underwater microscopy can clarify
the interactions in natural aquatic ecosystems. Anthropogenic
activities, industrialization, and the discharge of untreated ef-
fluents into the aquatic ecosystem lead to coral degradation
and bleaching (Jafarabadi et al. 2018). The underwater micro-
scope can provide new approaches to aquatic ecosystem ob-
servation, especially on algae—coral relationship, coral
bleaching and improvement, disease study, and larval arrange-
ment and growth. As a resourceful device, the underwater
microscope has clear and practical applications in an extensive
variety of scientific fields, including marine ecology, marine
geology, physiology, and biomechanics. The developed mi-
croscope design and suitability make the underwater micro-
scope useful for aquatic ecosystem imaging and suitable for
laboratory and ocean research. Compared with laboratory
methods, real-time underwater microscopy is more reliable,
since, in laboratory research, the sampling disturbs the aquatic
ecosystem (Mullen et al. 2016; Rubin et al. 2007).

The new underwater microscope overcomes the significant
challenges presented by Mullen et al. (2016) and Rubin et al.
(2007), as it has integrated variable objective lenses, and real-
time images are directly acquired on the surface controlling
unit. The microscope deployed on a two-axis stepper-con-
trolled linear assembly provides greater stability and focus in
aquatic conditions.
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Figure 7 Zooplankton micro-images captured by the underwater microscope with x 1.5 objective lens showing the presence of Copepod, Rotifer, and

Daphnia. Green color shows the presence of algae

5 Conclusions

Our trial experiments showed that the underwater micro-
scope can be used for the in situ microscopic imaging
of benthic communities to monitor coral ecology, sedi-
ment lithology and grain size, zooplanktons, and
microplastics at different magnifications. It is useful
for ecosystem analysis; the study of the effects of asso-
ciated microbes, growth, and degradation; and coral
bleaching, thus clarifying interactions at the micro-level.

It is an innovative tool that can enable researchers to
effectively capture images for the observation and clas-
sification of the benthic ecosystems. The approach also
has certain limitations, which will be the subject of
future research and improvement. For example, as a
future perspective, an automated classification technique
of the underwater microscope would be essential to
identify and classify the benthic ecosystem. We will
also try to attach a wireless link from the controller to
the laboratory for real-time access.

C

Figure 8 Images captured by underwater microscope in testing tank explaining the size and forms of microplastics. a Microplastic films. b Microplastic

fibers. ¢ Microplastic beads
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