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Abstract: Given its critical role in marine ecosystems, this study comprehensively examined zooplankton distribution and
behavior in the Halmahera Sea. The temporal and spatial dynamics of zooplankton acoustic backscatter values were analyzed
using a 153.6 kHz vessel-mounted acoustic Doppler current profiler (ADCP). Analysis was supplemented by biological
sampling with a bongo plankton net. Further evaluation included the analysis of oceanographic and bathymetric data. The
acoustic, oceanographic, and biological sampling data were obtained from the Jala Citra I “Aurora” survey expedition in
2021, while the bathymetry data were obtained from the General Bathymetric Charts of the Ocean (GEBCO). The raw
ADCP data, represented as digital counts, were transformed into mean volume backscattering strength (MVBS) expressed
in decibels (dB) using sonar equations to yield a measure proportional to zooplankton biomass. Temporal observations
revealed a diel vertical migration (DVM) pattern in zooplankton aggregation, characterized by movements responding
to the daily solar cycle. Spatial observations indicated a higher zooplankton density in semi-enclosed waters than in open
water. The high values of acoustic backscatter are not attributed to a single species of zooplankton. Biological sampling
identified that Oncaea spp. and Oithona spp., a species from the Cyclopoida order, exhibit the highest abundance. The study
concludes that the ADCP, based on acoustic backscatter measurements and data sampling, is an effective tool for detecting
the presence and behavior of zooplankton.
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INTRODUCTION and energy flows within the ecosystem [2] and are
bioindicators of aquatic productivity and fertility [3].

Comprehensive analysis of zooplankton distribution gy rthermore, zooplankton facilitates the biological

characteristics is paramount to the multifaceted roles pump mechanism by translocating carbon and nitrogen
of zooplankton in marine ecosystems. These organ- molecules to deeper water strata. They also contribute
isms are primary consumers, thereby determining to the mixing and stratification of seawater masses
the secondary productivity of aquatic environments, through their active transport during DVM [4-5].
which influences the establishment of fishing grounds This research underscores the necessity of its study
[1]. They are integral to material cycling processes in marine biological research.
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Several studies investigating zooplankton in
Indonesian seas have been undertaken, with the ma-
jority employing biological sampling methodologies.
While this approach is considered the gold standard
in zooplankton research [6], it has limitations in de-
lineating the zooplankton spatial and temporal distri-
bution scales, particularly in deep-sea environments.
This issue underscores the need for complementary
methodologies to comprehensively understand zoo-
plankton dynamics across various spatial and temporal
scales [7]. Continuous monitoring on a large spatial
scale is required to examine the distribution pattern
and abundance of zooplankton in the water column.
Hydroacoustic technology is a sophisticated method for
quantifying the abundance and discerning the distribu-
tion patterns of zooplankton within the water column
[6-7]. The ADCP is a hydroacoustic equipment that can
be used to study spatially and temporally zooplankton
in the water column. An ADCP operates based on
the Doppler effect, emitting a sound pulse signal that
reflects off scatterers in the water column. The echo
reflected by the target is then processed to obtain more
information. The ADCP can also calculate the speed and
direction of an object in the water column [8-9]. Data
processing can be used to determine the distribution
of zooplankton abundance by converting the results of
acoustic scattering measurements into mean volume
backscattering strength (MVBS) in decibels (dB) [6].

The DVM of zooplankton, a key ecological process,
has been extensively studied using ADCP instruments.
Previous research found significant spatiotemporal
variation in zooplankton backscattering strength, identi-
tied a strong signal in the sound scattering layer [10],
and seasonal variability of the zooplankton [11]. The
accuracy of biomass estimates based on net samples
was also highlighted [11,12]. Another study demon-
strated the use of ADCP measurements for monitoring
zooplankton distributions, showing a strong correla-
tion between backscatter estimates and zooplankton
concentration [13] and detailed measurements of
zooplankton swimming speeds and migration pat-
terns [14]. These studies underscore the importance
of ADCP instruments in understanding the complex
dynamics of zooplankton in marine ecosystems.

ADCP-sounding data is typically used for qualita-
tive research, providing rough estimations [8]. However,
ADCP can continuously measure object velocities across
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a large detection area because it contains numerous
transducers in one instrument at a specific angle. As a
result, ADCP facilitates the observation of migratory
biota [2,15]. So far, the ADCP instrument has been
used primarily for oceanographic observations such
as current direction and velocity and suspended sedi-
ment concentrations in Indonesian waters, resulting in
a lack of attention to zooplankton organisms [10]. The
ADCP has a twofold function: to measure the speed
and direction of objects in the water column and to
gather detailed acoustic backscatter data, which is then
used for zooplankton biomass analysis. Thus, the pro-
cedure is crucial for current measurement and biomass
assessment. Therefore, the primary objective of this
research was to optimize the application of ADCP data
in the Indonesian Sea for a comprehensive understand-
ing of zooplankton distribution patterns. This study
examined the temporal and spatial characteristics of
the acoustic backscattering of zooplankton from the
ADCP instrument in the Halmahera Sea, accompa-
nied by the results of biological sampling. Moreover,
the study aimed to elucidate the vertical migration
patterns of zooplankton, extending to the deep-sea
regions to facilitate a temporal analysis of zooplankton
stratification, thereby providing novel insights into the
dynamics of marine ecosystems over time.

MATERIALS AND METHODS
Study area

The acoustic data were collected in the Halmahera Sea,
Indonesia, from August 14-18, 2021, with predefined
tracks (Supplementary Fig. S1). The Halmahera Sea is
a regional sea located in the central-eastern part of the
Australasian Mediterranean Sea. It is centered at about
1°S and 129°E and is bordered by the Pacific Ocean
to the north, Halmahera Island to the west, Waigeo
Island and West Papua Province to the east, and the
Seram Sea to the south [16]. The Halmahera Sea is a
significant entry point for the Indonesian throughflow
(ITF) current, which is the mass exchange of seawater
between the Pacific Ocean and the Indian Ocean [17].
Despite the Halmahera Sea’s significant role in the ITE
there is a noticeable lack of comprehensive research
in this area, particularly concerning zooplankton
dynamics and acoustic studies.
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A previous acoustic survey was conducted in the
Halmahera Sea, primarily focusing on seabed map-
ping and seamount exploration. An expedition in the
Halmahera Sea in 2021 utilized a multibeam survey,
surface-towed magnetic survey, and seafloor sam-
pling to confirm the presence of underwater hazards
[18]. Another study was conducted in Buli Bay, East
Halmahera’s coastal area, using a conventional sampling
method to analyze the composition and abundance of
zooplankton [19].

In this research, three acoustic acquisition lanes
consisted of one lane on semi-enclosed water and two
on open water. Oceanographic data were obtained from
three separate stations, one of which was also used to
collect biological samples. The raw data of ADCP was
recorded as echo intensity, with a maximum depth of
240 m. This research used primary data from the Jala
Citra I “Aurora” survey expedition commemorating
the 100" World Hydrography Day. The survey was
a collaboration between the Hydro-Oceanographic
Center of the Indonesian Navy and researchers from
government research agencies, universities, and other
private parties using the KRI Spica-934 ship.

Environmental data acquisition

Oceanographic data represented by temperature and
salinity parameters were collected using MIDAS SVX2
CTD three times during the survey, with varying depth
circumstances dependent on pressure at specific depths.
This type of CTD combines the sound velocity profile
(SVP) components with CTD in general so that the data
obtained consists of sound speed, temperature, and sa-
linity. MIDAS SVX2 uses a distributed processing con-
cept; each sensor has a processor that controls sampling
and calibrates readings. Each sensor is then controlled
by a central processor, meaning all data is sampled at
the same time, providing good-quality profile data.
The oceanographic data measurements, marked with a
square icon on the research location map, were carried
out on September 2-8, 2021 (Supplementary Fig. S1).
The water column was measured both during the day
and at night. When carrying out the measures, the ship
was stationary at one spot for 24 h, utilizing the dynamic
positioning mode [20]. During the survey, the CTD
sampling rate was 8 Hz (recording eight data samples
per second) with a continuous 60-s sample interval.
Grid obtained from the Halmahera Sea — GeoTIFF
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bathymetry data downloaded from the open-source
GEBCO. The boundaries of the study area were set
at coordinates 1°48°13” N - 128°31’58” S and 1°3’10”
S -131°13’41” E. Bathymetry data were downloaded
in 2021 to adjust for the period when the ADCP, CTD,
and biology sampling data were obtained.

Acoustic data acquisition

The ADCP is an instrument that uses sound waves at
a fixed frequency to measure the speed and direction
of object movement in the water column based on the
Doppler effect [21]. The ability of ADCP to measure
reflected acoustic signals from the object can be used
to study the migration patterns and temporal evolution
of zooplankton biomass.

A 153.6 kHz broadband ADCP was installed on
the bottom hull to measure the acoustic backscatter
of zooplankton in the Halmahera Sea. The speed of
the research vessel was set at 4 knots with a sampling
interval of 1 s. The slope of the transducer’s emitted
beam against the vertical axis is 30°. The instrument
was set to record 60 depth cells with bin sizes of 4 m
each for a total depth of 240 m, with the first bin at
8.29 m. The threshold range used for visualization in
predicting the presence of zooplankton organisms was
between -90 dB and -65 dB [7,22-24]. Acoustic data
in the first bin was not included in data processing to
ensure good data quality near the surface because it is
contaminated with sea surface reflections and side-lobe
interference [2]. The individual MVBS measurements
from each ADCP beam result in a similar pattern,
with minor changes in detail and offset. This problem
can be avoided by removing data with a percent-good
value of less than 70% [25].

Data analysis

The raw acoustic data derived from the ADCP are
represented as echo intensity (EI) values. These EI
values, which are linear data, serve as received signal
strength indicators (RSSI) and are quantified using a
unit count that ranges from 0 to 255 [26]. The EI data
were transformed into MVBS in decibels (dB) for
subsequent analysis, rendering the value absolute and
proportionate to the zooplankton biomass [27]. The
MVBS calculation was processed using the Deines and
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Mullison equation with the correction of sound attenu-
ation and transmission losses [28-29]. Raw acoustics
data was extracted using the WinADCP software. The
acoustic backscattering strength and vertical distribution
of zooplankton were visualized in the echogram using
MATLAB 2016a (Mathwork, Inc.). The computation
of the MVBS value adheres to the sonar equations
method, with the configuration of data acquisition and
data processing delineated in Supplementary Table S1.

DVM pattern was quantitatively measured based
on the averaged MVBS around the detection zooplank-
ton area [30]. The dimensions of the SSL in the DVM
movement can fluctuate based on the distribution
of acoustic backscattering. For instance, the range
at midnight might differ from that at twilight due
to the movement of zooplankton. The daily pattern
was established by calculating the average within the
identified SSL range over time.

Biology sample collection

Biological samples, marked with a black dot icon on
the research location map, were taken in the ADCP
track at around 20:00 to 21:00 local time (UTC +9)
with coordinate 0.9936 N - 129.423 E (Supplementary
Fig. S1). Biological samples were obtained by towing a
twin plankton net (bongo net), with a mesh size of @
300 pm, that was lowered to a depth of 150 m. Samples
were preserved with 1% Lugol solution. The biology
samples were brought to the Marine Microbe and
Plankton Laboratory, National Research and Innovation
Agency (BRIN) for further investigation.

The analysis of species identification, taxa number,
and abundance was performed using the Sedgewick-
Rafter counting cell. Zooplankton abundance was
calculated as ind m~. Zooplankton was identified
morphologically and observed using stereomicroscopes
equipped with a camera. The standard length (L) was
measured for 30 specimens and was then converted into
wet weight (W) based on the empirical W-L relation-
ship proposed by Satapoomin (1999) for Oncaea spp.
[31] and by Kierboe and Sabatini (1994) for Oithona
spp. [32]. The results of the towing plankton net were
analyzed further to determine the diversity index using
the Shannon-Wiener equation, the uniformity index
using the evenness equation, and the dominance index
using the Simpson equation [33].
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RESULTS
Environment condition

The vertical profile of oceanographic data is character-
ized by three distinct depth layers: the surface mixed
layer, the thermocline layer (temperature profile),
the halocline layer (salinity profile), and the deep-sea
layer (Supplementary Fig. S2). As depth increases, the
primary high-temperature parameter in the surface
layer decreases. The distribution pattern of salinity
is inversely and vertically related to the temperature.
The salinity profile exhibited homogeneity across
the vertical profiles of each station, with variations
in salinity concentration dependent on depth strata.

Empirical formulas were employed to calculate
the temperature, salinity, depth, and pH, yielding the
characteristics of sound velocity and the absorption
coefficient of the propagating acoustic wave signal in
the water column (Supplementary Fig. S3) [34,35]. The
vertical profile of sound velocity mirrors the tempera-
ture profile, with values decreasing with increasing
depth. However, the vertical profile of the absorption
coefficient in the surface layer significantly decreased
to 96 m, after which it stabilized at 240 m.

The study encompassed research sites in semi-
enclosed and open water areas (Supplementary Fig.
S4). The bathymetric contour in the semi-enclosed
water site, known as the Sagawin Strait, features a nar-
row bottom flanked by cliffs with a maximum depth
of 450 m. The bathymetric contour steepens, reaching
a maximum depth of 800 m as one moves away from
the strait, with significant elevation drops over short
distances. The bathymetric contours of the open-water
site, located in the northern Halmahera Sea, deepen
towards the Pacific Ocean shelf. The open-water bathy-
metric contour exhibits a more gradual slope than the
semi-enclosed water and is characterized by elevation
changes over extended distances. High elevation areas
are indicated by light blue to white colors, signifying
features such as sandbars or shoal morphology.

Temporal distribution of zooplankton
The echogram representation of the results from the

ADCP instrument’s sounding in a water column cross-
section delineates the varying properties of an object’s
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Fig 1. Full-day ADCP sounding results in open-water sounding lanes 1 and 2. There is a transformation in the strength of the acoustic
backscatter signal and the thickness of the scattering layer, which indicates the occurrence of the zooplankton migration phenomena.
During the day, the MVBS value is lower, accompanied by a thin SSL thickness. At night, the MVBS value is higher, accompanied by a

large SSL thickness.

backscattered reflection. Strong signals are shown in
red, while weaker signals are in blue. By measuring
the MVBS value, the echogram was utilized to show
the presence and density of zooplankton in the water
column. A strong acoustic backscatter signal indicates
a high zooplankton density, whereas a weak signal
indicates a low zooplankton density [36,37].

Both echograms (Fig. 1) depict the schooling of
zooplankton aggregations in the water column, dis-
played in hues ranging from light blue and yellow to
orange [38]. An SSL is formed by a horizontally linked
group of zooplankton patches on a spatial scale. An
SSL is a condition in which a contrasting MVBS value
is found and has a higher pixel value than background
pixels outside of the SSL, which have a lower value
[7]. Due to the limited range of acoustic signals, the
movement of zooplankton from the deep layer to the
surface and vice versa is less discernible. This study’s
observations focused on the signal strength and thick-
ness of the zooplankton SSL [39]. Repeated objects
with inverted patterns are observed at the maximum
sounding depth in the full-day echogram of acoustic
transect 1. The circled objects exhibit inverted forms
because the acoustic transects operated in parallel

through the exact study location. The object has a
maximum acoustic backscatter value of -65 dB, hy-
pothesized to be caused by fish schooling. The strong
acoustic backscatter was identified at night at 8 to 60
m depth, averaging -68 dB. During the day, a weaker
acoustic backscatter value was observed within this
depth range, averaging -75 dB.

The echogram depicted a low zooplankton density
in the surface layer, represented by yellow and light
blue colors between 07.00 and 12.00 local time. The
thickness of the SSL tends to be low as the maximum
depth of the acoustic signal backscattering layer is
confined to 100 m. The graph of daytime MVBS data
(Fig. 2) similarly showed the low density of zooplankton
patches. MVBS exhibited a wide range in the surface
layer, with low values ranging from -81.08 dB to -66.43
dB. These MVBS magnitude circumstances persist
until the maximum depth, where low MVBS values
dominate the value distribution.

In contrast to daytime conditions, between 19.00
and 24.00 local time, there was a high zooplankton
density in the surface layer shown by the echogram,
which is dominated by orange and yellow colors. As the



140
0
50 -
—~ 100 -
E
<
a
[
a
150
200 A
250 T T T T T T T
-105 -100 -95 -90 -85 -80 -75 -70 -65
SV mean (dB)
e Daytime =——e— Nighttime Thermocline

Fig 2. The scatter plot showcases the vertical distribution of the
mean scattering volume (SV) during both daytime and nighttime
at different depths. The spread of points at each depth represents
the standard deviation, indicating the variability of SV.

Semi-enclosed Water Location
T T T

| i J\f‘“mw‘:‘!f
JI%h

Depth (m)

A, L
3000 4000 5000 5000 7000 8000
Open Water Location 0
i R IR D ,ﬁi"lj‘”‘t.\ 1
Kttt

Ensemble Number «10*

Fig. 3. Acoustic backscatter echogram of zooplankton in semi-
enclosed water and open-water locations. Based on the differences
in the characteristics of the two waters, the semi-enclosed water
has a higher zooplankton density than the open-water location.
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maximum depth of the acoustic signal backscattering
layer was limited to 140 m, the thickness of the SSL
tends to be high. The graph of nighttime MVBS data
(Fig. 2) likewise showed a high density of zooplank-
ton patches. MVBS exhibited a narrow range in the
surface layer, with high values ranging from -75.76 dB
to -63.88 dB. These MVBS magnitude circumstances
persist until the maximum depth, where high MVBS
values dominate the value distribution. Fig. 2 also shows
the vertical distribution of the mean SV during both
daytime and nighttime at different depths. The mean
SV is higher at night compared to the daytime from
the surface until 140 m of depth. On the other hand,
during the day, the mean SV value tends to be greater
than at night at depths ranging from 150 m up to the
maximum depth that can be detected by the ADCP,
which is 240 m. This demonstrates that the mean SV
varies with depth and is related to the time of day,
indicating the occurrence of daily vertical migration
of zooplankton.

Spatial distribution of zooplankton

Fig. 3. illustrates that the zooplankton SSL pattern
on the open-water echogram was more constant and
stable than on the semi-enclosed water echogram.
The open-water echogram can only reach a depth of
100 m based on the zooplankton SSL maximum depth
range. However, the semi-enclosed water echogram can
reach up to 120 m. The high MVBS value is distributed
more evenly along the near-surface water column in
the open-water echogram than in the semi-enclosed
water echogram. Predation phenomena in the water
column food chain were captured on the semi-enclosed
water echogram and can be detected between 7000-
8000 ensembles at 150-240 m.

The density levels of zooplankton schooling varied
in the sounding lane (Fig. 4). The strength and weak-
ness of the zooplankton acoustic backscatter signal are
influenced by the level of schooling density, the zoo-
plankton species, as well as the physical characteristics
of zooplankton (size, shape, orientation, constituent
materials, density, and surface roughness)

Computation of all ADCP sounding lanes in both
open and semi-enclosed water sites illustrates the
mean outcome per 36 m, or equivalently, ten depth
layers (Fig. 5). As the depth increased, the MVBS value
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exhibited a decreasing trend. Near the surface, MVBS Analysis of zooplankton characteristics

values tended to cluster, falling within a narrow range;

however, in the middle layer, the range of MVBS values Biological sampling results revealed the presence of
expanded. Upon reaching the instrument’s maximum 16 zooplankton taxa at the research site, with a total
sounding depth, the MVBS values were uniformly abundance of 274 individuals per cubic meter (ind m?)

distributed across the threshold range. (Table 1). The sampling process also filtered larvae of
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Table 1. The result of biological sampling in the Halmahera Sea,
Indonesia
NO. ORGANISM ABUNDANCE | Composition L-W
(ind m?) (%) Relationship
1. | Calanoida (order) 4%
Acartia (genus) 23.86 8.71
Pontella (genus) 20.39 7.44 53%
Euchaeta (genus) 9.32 3.40
Clausocalanus (genus) 9.97 3.64 23%
2. | Cyclopoida (order)
Oncaea (genus) 88.32 32.23 251 73110]8 L= mCalancida mCyclopoida mGastropoda larvae = Others
Corycaeus (genus) 16.14 5.89 o7
Oithona (genus) 36.21 13.22 S 8] ]
[32] 051
Farranula (genus) 5.45 1.99 04 ]
3. | Copelata (order) i§ 05 ]
Oikopleura (genus) ‘ 0.40 ‘ 0.15 ‘ 2 o]
4. | Aphragmophora (order)
Sagitta (genus) ‘ 1.01 ‘ 0.37 ‘ o lm I
5. | Harpacticoida (order) 0001 0.5 1 15 2
Microsetella (genus) 7.00 2.55 Zooplankion standard length (mm)
6. | Polychaeta (class) 0.12 0.04 ®Oncaea (genus) o Oithona (genus)
7. | Gastropoda larvae (class) 55.00 20.07 0.5
8. | Brittle stars larvae (class) 0.18 0.12 0s ]
9. | Fish larvae 0.33 0.07
10. | Siphonophorae (order) 0.00 0.11 % 0.3 1
11. | Evadne (genus) 0.30 3.41 § 0z ]
The number of Taxa 16
Abundance Total (ind m) 274.00 014
Diversity Index 1.99 00 ]
Uniformity Index 0.72 15 10 15 20 25 30 40 60
Dominance Index 0.18 Velgrt g x10%)
Sampling Coordinate 0.9936, 129.423 B Oncaea (genus) 1 Oithona (genus)

various marine organisms, including fish, gastropods,
and brittle stars (ophiopluteus). The genera Oncaea
spp. and Oithona spp., belonging to Cyclopoida, domi-
nated with an abundance of 88.32 ind m~ and 36.21
m?, respectively, while Polychaeta exhibited the lowest
abundance at 0.12 ind m™. These findings underscore
the diverse zooplankton community structure within
the study area. The study also revealed high species
diversity within the zooplankton community based
on the diversity index (1.99), suggesting the presence
of different species in the ecosystem that contributed
to its overall biodiversity. The distribution of indi-
viduals among the different species was even but not
entirely uniform based on the measured uniformity
index, indicating a balanced ecosystem where no single
species significantly outnumbers the others. Lastly,

Fig. 6 The composition, histogram of standard length
(L), and (c) wet weight (W) distribution derived from
the most abundant zooplankton species, i.e., Oncaea
spp. and Oithona spp.

the dominance index was measured at 0.18, which
is relatively low and suggests that no single species
dominated the community, further supporting the
notion of a balanced and diverse ecosystem.

This study comprehensively analyzes the most
abundant zooplankton species, namely Oncaea spp. and
Oithona spp. The composition and distribution of these
species were examined using a histogram of standard
length (L), and the wet weight (W) of zooplankton
was derived using the W-L conversion (Fig. 6). It was
observed that larger individuals, ranging from 1.5-2
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mm, were predominantly Oncaea spp., while Oithona
spp. were primarily found to be 0.5 mm in length. The
weight analysis revealed that Oithona spp. are lighter
than Oncaea spp., which exhibits a diverse weight range.

DISCUSSION

An organism’s existence cannot be separated from
the environmental conditions that allow it to survive.
Optimal conditions for zooplankton development are
typically within a temperature range of 20-30°C and
a salinity range exceeding 20 practical salinity units
(PSU) [19]. These parameters, critical for the metabolic
activities of marine biota, are frequently investigated
to understand their distribution and movement. The
temperature differential is attributed to significant
sunlight penetration in the surface layer [40]. The
continuous renewal of seawater shapes the salinity
distribution pattern due to the mass circulation pat-
tern of water at one of the ITF’s transport gates, which
facilitates exchange between the Pacific and the Indian
Ocean [41]. These factors influence the presence of
marine organisms and the pattern of sound wave
propagation in the water column during hydroacoustic
sounding [37]. The parameters of sound velocity and
the absorption coefficient at each depth layer impact
the noise level and transmission losses [42].

The Halmahera Sea, characterized by diverse
bathymetric contours and bordered by several large
and small islands, exhibits variable morphology in its
bathymetry. It is filled with thin but deep sediments
and numerous forms that describe a transition zone,
with depths ranging from 0-2000 m [20]. The Sagawin
Strait, a 5-km body of water, separates Batanta Island
from Salawati Island [43].

The MVBS value of the zooplankton target varies
from -86.50 dB to -68 dB at depths of approximately
5-200 m [23,37]. The diel vertical migration scattering
layer of zooplankton is represented with a maximum
MVBS fluctuating between depths of 40 m and 120
m [44-46]. Schooling of mesopelagic fish at depths of
200-240 m can be correlated to fish larvae [47], deca-
pods such as shrimp [48], jellyfish [26], or zooplankton
species such as krill [48,49].

Both full-day echograms revealed a transformation
in the strength of the acoustic signal backscattering and
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the thickness of the SSL based on the characteristics
of the zooplankton temporal distribution observed
through the SSL pattern. This indicates the phenom-
enon of zooplankton DVM before sunrise and after
sunset. DVM, a phenomenon driven by zooplankton
movement over 24 h [8], results in variations in the
biomass, abundance, and composition of zooplankton
species in the surface layer between day and night [46].

The acoustic backscatter signal decreased during
the full-day echogram sounding in lanes 1 and 2, from
03:35-04:46 and 03:31-05:11 local time. This decrease
was evidenced by a color change from orange to a
mixture of yellow and light blue and a weakening of
the scattering layer. The maximum depth of the signal
layer with a strong acoustic backscattering intensity
was reduced from 140 m to 100 m. These observations
suggest a movement of aggregation towards deeper
waters, with the characteristics of the zooplankton patch
changing from high to low density at the surface layer.

Between 15:27-18:30 and 14:41-21:25 local time,
the acoustic backscattering signal strengthened, as
indicated by the color change from yellow to orange
and a thickening of the scattering layer. The maximum
depth of the signal layer with high acoustic backscatter-
ing power increased from 100 m to 140 m, pointing to
the migration of aggregation towards the surface, with
the characteristics of the zooplankton patch changing
from low to high density.

The duration of zooplankton migration before
sunrise is significantly shorter than that of zooplankton
movement after sunset. The DVM patterns in both
echograms are characterized as nocturnal migration.
The most common migration pattern for zooplankton
organisms is nocturnal migration, where organisms
swim upward into the near-surface (euphotic) layer
after sunset and downward towards the deep ocean
layer at sunrise. The two full-day echograms indicated
slightly different timings and durations of zooplankton
movement. However, the migratory pattern of the two
remains similar, occurring when light penetration is high
at sunrise and low at sunset. Endogenous and exogenous
factors influence the characteristics and patterns of the
DVM phenomenon, for example, the size of the zoo-
plankton, light intensity, food availability, and predation
[8,50]. The underlying factor is thought to be a strategy
for evading predators. By minimizing the risk of visually
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focused predators during the day, zooplankton might
feed in the epipelagic zone at night [51].

The density of zooplankton was higher in the
semi-enclosed water site than in the open-water site.
The semi-enclosed water location, with river estuaries
and mangrove forests along the Sagawin Strait, sup-
ports water fertility [37,52]. Sufficient light intensity
and abundant nutrients can enhance phytoplankton’s
primary productivity, contributing to the high density
of zooplankton [53].

The object captured in the semi-enclosed water
echogram is presumed to be a mesopelagic school-
ing fish hunting for zooplankton in the near-surface
layer. Several sounding results from previous research
have indicated that numerous mesopelagic fish ap-
proach the surface from morning to noon. In the
Halmahera Sea, these mesopelagic fish species might
include Lampanyctus turneri, Argyropelecus affinis,
and Vinciguerria lucetia [22,54].

The high density of zooplankton in the semi-en-
closed water location is associated with the influx of
nitrogen from terrestrial sources, which correlates
with the abundance of phytoplankton, a primary factor
contributing to the large population of zooplankton
[53]. Conversely, the characteristics of zooplankton
density in the open-water site are contingent upon
the timing of the ADCP sounding, which is linked to
the DVM phenomena of zooplankton. The density of
zooplankton was low during ADCP sounding from
morning to noon, as indicated by the predominance of
the green circle. However, during ADCP sounding from
afternoon to evening, the density of zooplankton was
high, as evidenced by the predominance of the yellow
and red circles. The MVBS values in the semi-enclosed
waters sounding lane and the two open-water sounding
lanes yield vertical scatter graphs that reveal high zoo-
plankton density near the surface layer, which gradually
diminishes as depth increases. This is also evident in
the echogram display, which shows orange dominating
the top layer and yellow and light blue dominating the
layer below. While zooplankton is distributed evenly
across the ocean, the signal strength of the significant
acoustic backscatter in the upper layer suggests a high
density of zooplankton near the surface [55].

Each acoustic target possesses a unique impedance
and characteristics that can alter an object’s acoustic
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backscattering value. Therefore, understanding the
characteristics of an object used as an acoustic target is
crucial. Endogenous factors, such as the characteristics
of zooplankton species, influence the characteristics
and distribution patterns of zooplankton in the water
column, in addition to external influences [50].

According to previous research employing tra-
ditional field sampling techniques in the Halmahera
Sea, the primary zooplankton organisms discovered, in
terms of their abundance and dispersion in the water
column, were Copepods [19]. Other zooplankton fami-
lies identified in the study’s observation sites included
Polychaeta, Bivalvia, Gastropoda larvae, Brittle stars
larvae (class), Siphonophorae, Aphragmophora, and
Harpacticoida (order). Zooplankton from the genera
Evadne, Creseis, and Oikopleura were also found in the
research [19]. It should be noted that most of these
zooplankton species were at least 1 cm in length. ADCP
instruments can detect zooplankton organisms with a
minimum length of 1 cm at a frequency of 153.6 kHz
[14,22,54]. The zooplankton community in the study
area exhibits a high level of species diversity, as indicated
by the diversity index. This diversity is reflected in the
ADCP acoustic data, which shows strong backscatter
values [56]. Importantly, these strong acoustic back-
scatter values are not dominated by a single species
of zooplankton [7]. Instead, they represent the col-
lective acoustic signatures of a diverse zooplankton
species, suggesting a rich and varied zooplankton
community where no single species dominates. The
zooplankton community’s high diversity contributes
to the ecosystem’s robustness and resilience, allow-
ing it to maintain its function and structure under
varying environmental conditions. This high level of
biodiversity is a key characteristic of a healthy and
balanced marine ecosystem.

The presence of zooplankton in the research area is
not influenced by temperature and salinity changes due
to the minimal temperature variability in these regions
[12]. The DVM of zooplankton is primarily driven by
sunlight due to its location in the tropical area, like
previous research in the northern Gulf of Mexico shelf,
which can occur at dawn and dusk [57]. In this region,
the DVM mechanism of zooplankton is a strategy to
evade predators. One limitation of this study is the
absence of additional acoustic instruments operating
at different frequencies, which could have facilitated
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the identification of zooplankton based on frequency
differentiation techniques [22]. It is important to note
that this study did not carry out an acoustic estima-
tion of zooplankton abundance due to the use of a
single frequency of ADCP. Furthermore, the diversity
of zooplankton types found in the study area adds a
layer of complexity to the estimation of zooplankton
abundance, as it could potentially lead to overestima-
tion. For future research, comparing the ADCP results
with data from other scientific echosounders would be
beneficial. This approach could enhance the accuracy
of zooplankton detection and provide a more precise
understanding of their behavior.

CONCLUSIONS

The MVBS values converted from ADCP raw data
ranged from -86.50 dB to -68 dB. The DVM phe-
nomenon was observed in temporal measurements
of zooplankton aggregations that moved downward
before sunrise and upward after sunset. Biological
sampling revealed the presence of 16 taxa, dominated
by Oncaea spp. and Oithona spp. from the order of
Cyclopoida, that participate in this migratory activity.
Spatial observations indicate that zooplankton density
is significantly higher in semi-enclosed waters than in
open-water locations. This could be attributed to the
higher nutrient availability and lower predation risk
in semi-enclosed waters. The characteristics of zoo-
plankton acoustic backscattering in the open-water site
correlate with the ADCP sounding time, which aligns
with the DVM phenomena. The MVBS of zooplankton
is more pronounced in the surface layer and decreases
with increasing depth in the vertical distribution. This
pattern is consistent with the known behavior of zoo-
plankton, which often migrate to deeper waters during
the day to avoid predators and return to the surface
at night to feed. The study provides valuable insights
into the behavior and distribution of zooplankton,
contributing to our understanding of marine eco-
systems and the factors that influence their structure
and function. The key findings underscore the pivotal
role of zooplankton as the first consumer in food webs
and their significant contribution to fisheries catches
in the Halmahera Sea. These findings enhance our
understanding of zooplankton dynamics and their
implications for ecosystem functioning, particularly in
association with the Indonesian throughflow current.
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This research also underscores the need for a compre-
hensive, long-term approach to marine conservation
in the Halmahera Sea, emphasizing the importance
of scientific research in informing effective ecosystem
management and conservation strategies.

Funding: The acquisition data was supported by the Hydro-
Oceanographic Center of the Indonesian Navy (Pushidrosal)
through the Jalacitra I “Aurora” expedition 2021.

Acknowledgments: The authors would like to express their
gratitude to the Hydro-Oceanographic Center of the Indonesian
Navy (Pushidrosal) for providing access to the survey data from
the Jala Citra 1 “Aurora” expedition and allowing the authors to
use it, as well as for voluntarily providing some of the additional
information required by the authors in preparing the manuscript.
The authors also wish to thank the commander and the crew of
the KRI Spica 934 for their dedication and hard work during the
data collection process.

Author contributions: GRM: conceptualization, data handling
and analysis, visualization, writing, editing; SP: supervision,
conceptualization, review; AD: data sampling and acquisition,
supervision, conceptualization, editing, review; SS: data sampling
and acquisition, review; IJ: review; DA: data sampling & acquisi-
tion, review; and DSM: data sampling and acquisition. All authors
have read and agreed to the published version of the manuscript.
GRM and AD are the main contributors, SP, SS, IJ, DA, DSM are
member contributors.

Conlflict of interest disclosure: The authors declare no conflict
of interest.

Data availability: Data underlying the reported findings have been
provided as a raw dataset, which is available here: https://www.
serbiosoc.org.rs/NewUploads/Uploads/Maharani%20et%20al_Raw.
Dataset.xlsx All data sets are courtesy of Pushidrosal. Access to
each data set is available by request to pusdalops@pushidrosal.id.

REFERENCES

1. Hickman AE, Holligan PM, Moore CM, Sharples ], Krivtsov
V, Palmer MR. Distribution and chromatic adaptation of phy-
toplankton within a shelf sea thermocline. Limnol Oceanogr.
2009;54(2):525-36. https://doi.org/10.4319/10.2009.54.2.0525

2. Guerra D, Schroeder K, Borghini M, Camatti E, Pansera M,
Schroeder A, Sparnocchia S, Chiggiato J. Zooplankton diel
vertical migration in the Corsica Channel (North-Western
Mediterranean Sea) detected by a moored acoustic doppler
current profiler. Ocean Sci. 2019;15(3):631-49.
https://doi.org/10.5194/0s-15-631-2019

3. Sulistiowati D, Tanjung RHR, Lantang D. Keragaman dan
kelimpahan plankton sebagai bioindicator kualitas lingkungan
di Perairan Pantai Jayapura. ] Biologi Papua. 2016;8(2):79-
96. Indonesian.

4. Steinberg DK, Carlson CA, Bates NR, Goldthwait SA, Madin
LP, Michael AE Zooplankton vertical migration and the active


https://www.serbiosoc.org.rs/NewUploads/Uploads/Maharani%20et%20al_Raw.Dataset.xlsx

146

10.

11.

12.

13.

14.

15.

16.

17.

transport of dissolved organic and inorganic carbon in the
Sargasso Sea. Deep Sea Res 1. 2000;47:137-58.
https://doi.org/10.1016/S0967-0637(99)00052-7

Katija K. Biogenic inputs to ocean mixing. ] Exp Biol.
2012;215:1040-9. https://doi.org/10.1242/jeb.059279
Dwinovantyo A, Manik HM, Prartono T. Application
of acoustic Doppler current profiler (ADCP) to observe
diel vertical migration of zooplankton. J Phys Conf Ser.
2018;1075(1):012016.
https://doi.org/10.1088/1742-6596/1075/1/012016
Dwinovantyo A, Manik HM, Prartono T, Susilohadi S, Mukai
T. Variation of zooplankton mean volume backscattering
strength from moored and mobile adcp instruments for diel
vertical migration observation. Appl Sci. 2019;9(9):1851.
https://doi.org/10.3390/app9091851

Schiano E, Pensieri S, Bozzano R, Picco P. Analysis of long
time series of ADCP backscatter data in the Ligurian Sea to
investigate the zooplankton variability. In: OCEANS 2013
MTS/IEEE Bergen: The Challenges of the Northern Dimen-
sion; 2013. p. 6608040.
https://doi.org/10.1109/OCEANS-Bergen.2013.6608040
Gruber P, Felix D, Storti G, Lattuade M, Fleckenstein P,
Deschwanden E. Acoustic measuring techniques for suspended
sediment. IOP Conf Ser Earth Environ Sci. 2016;49(12):122003.
https://doi.org/10.1088/1755-1315/49/12/122003
Dwinovantyo A. Deteksi dan kuantifikasi hamburbalik akustik
sedimen tersuspensi dan zooplankton menggunakan instru-
men acoustic Doppler current profiler. [dissertation]. [Bogor]:
IPB University; 2019. 153p. Indonesian.

Inoue R, Kitamura M, Fujiki T. Diel vertical migration of
zooplankton at the S1 biogeochemical mooring revealed
from acoustic backscattering strength, ] Geophys Res Oceans.
2016;121:1031-50. https://doi.org/10.1002/2015JC011352
Buchholz F, Buchholz C, Reppin J, Fischer J. Diel vertical
migrations of Meganyctiphanes norvegica in the Kattegat:
Comparison of net catches and measurements with Acoustic
Doppler Current Profilers. Helgol Mar Res. 1995;49:849-66.
https://doi.org/10.1007/BF02368407

Lorke A, McGinnis DE, Spaak P, Wiiest A. Acoustic observa-
tions of zooplankton in lakes using a Doppler current profiler.
Freshwat Biol. 2004;49:1280-92.
https://doi.org/10.1111/j.1365-2427.2004.01267.x
Heywood K]J. Diel vertical migration of zooplankton in the
Northeast Atlantic. ] Plankton Re. 1996;18(2):163-84.
https://doi.org/10.1093/plankt/18.2.163

Lee K, Mukai T, Lee DJ, Iida K. Classification of sound-
scattering layers using swimming speed estimated by acoustic
doppler current profiler. Fish Sci. 2014;80:1-11.
https://doi.org/10.1007/s12562-013-0683-9

Fachrudy MA, Munir R, Mandang I. Analisis spasial perger-
akan massa air di Laut Halmahera dan Laut Banda meng-
gunakan metode empirical orthogonal function (EOF). |
Geosains Kutai Basin. 2018;1(1):1-9. Indonesian.

Rejeki HA, Betsi, Andariwan YM. Variations of Indonesian
throughflow transport in Maluku and Halmahera Sea related
to the occurrence of El Nino southern oscillation. ] Kelautan.
2021;14(3):243-53.

http://doi.org/10.21107/jk.v14i3.12083

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Arch Biol Sci. 2024;76(2):135-149

Alodia G, Nurhidayat, Sobarudin DP, Adrianto D, Dwin-
ovantyo A, Solikin S, Hanafi M, Pamumpuni A, Kurniawan
IA, Poerbandono. Green CM, McCaig AM. Discovery of a
conical feature in Halmahera waters, Indonesia: traces of a
late-stage hydrothermal activity. Geosci Lett. 2023;10:47.
https://doi.org/10.1186/540562-023-00302-w

Yuliana, Ahmad F. Komposisi jenis dan kelimpahan zoo-
plankton di Perairan Teluk Buli, Halmahera Timur. Agrikan.
2017;10(2):44-50. Indonesian.
https://doi.org/10.29239/j.agrikan.10.2.44-50.

Primana D, Dwiyana O, Amarona MQ, Bachrodin I. Menguak
Kekayaan Bawah Laut Indonesia: Ekspedisi Jala Citra 1 - 2021
“Aurora” di Perairan Laut Halmahera. Jakarta: PT Kompas
Media Nusantara; 2022. 212p. Indonesian.

Gordon RL. Acoustic Doppler Current Profiler: Principles of
Operation a Practical Primer. San Diego: RD Instruments;
1996. 57p.

Luo J, Ortner PB, Forcucci D, Cummings SR. Diel vertical
migration of zooplankton and mesopelagic fish in the Arabian
Sea. Deep Sea Res 2 Top Stud Oceanogr. 2000;47:1451-73.
https://doi.org/10.1016/50967-0645(99)00150-2
Simmonds EJ, MacLennan DN. Fisheries Acoustics: Theory
and Practice, Second Edition. Oxford: Blackwell Science;
2005. 437p.

Manik HM. Acoustic observation of zooplankton using high
frequency sonar. Ilmu Kelautan. 2015;20(2):61-72.
https://doi.org/10.14710/ik.ijms.20.2.61-72

Lee K, Mukai T, Lee D, Iida K. Verification of mean volume
backscattering strength obtained from acoustic doppler current
profiler by using sound scattering layer. Fish Sci. 2008;74:221-
9. https://doi.org/10.1111/j.1444-2906.2008.01516.x
Cisewski B, Hatun T, Kristiansen I, Hansen B, Larsen KMH,
Eliasen SK, Jacobsen JA. Vertical migration of pelagic and
mesopelagic scatterers from adcp backscatter data in the
southern Norwegian Sea. Front Mar Sci. 2021;7(542386):1-15.
https://doi.org/10.3389/fmars.2020.542386

Vogel M, Symonds D, Xiao N, Cook T, Abbott C. Real-time
deepwater current profiling system. In: MTS/IEEE Oceans
2001. An Ocean Odyssey. Conference Proceedings; 2001.
p. 269-74. https://doi.org/10.1109/OCEANS.2001.968738
RD Instruments. Calculating Absolute Backscatter. Technical
Bulletin ADCP-90-04. San Diego: RD Instruments. 1990.
Mullison J. Backscatter estimation using broadband acoustic
doppler current profilers - updated. In: Proceedings of the
ASCE Hydraulic Measurements & Experimental Methods
Conference; 2017 Jul 9-12; Durham, NH. Durham, NH,
USA: ASCE; 2017.

Proud R, Cox MJ, Wotherspoon S, Brierley AS. A method
for identifying sound scattering layers and extracting key
characteristics. Methods Ecol Evol. 2015;6(10):1190-8.
https://doi.org/10.1111/2041-210X.12396

Satapoomin S. Carbon content of some common tropical
Andaman Sea. ] Plankton Res. 1999;21(11):2117-23.
https://doi.org/10.1093/plankt/21.11.2117

Kiorboe T, Sabatini M. Reproductive and life cycle strate-
gies in egg-carrying cyclopoid and free spawning calanoid
copepods. ] Plankton Res. 1994;16(10):1353-66.
https://doi.org/10.1093/plankt/16.10.1353



Arch Biol Sci. 2024;76(2):135-149

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Magurran AE. Ecological Diversity and Its Measurement.
Wales: Springer-Science+Business Media, BV 1983. 175 p.
Mackenzie KV. Nine-term equation for sound speed in the
oceans. ] Acoust Soc Am. 1981;70(3):807-12.
https://doi.org/10.1121/1.386920

Ainslie MA, McColm JG. A simplified formula for viscous
and chemical absorption in sea water. ] Acoust Soc Am.
1997;103(3):1671-2. https://doi.org/10.1121/1.421258

Zhou M, Zhu Y, Tande KS. Circulation and behavior of euphau-
siids in two Norwegian sub-Arctic Fjords. Mar Ecol Prog
Ser. 2005;300:159-78. https://doi.org/10.3354/meps300159
Pujiyati S, Hamuna B, Hisyam M, Srimariana ES, Natih INM.
Distributions of environmental parameters and plankton’s
volume backscattering strength at Yos Sudarso Bay, Jayapura,
Indonesia. Egypt ] Aquat Res. 2021;48(1):37-44.
https://doi.org/10.1016/j.jar.2021.08.001

Purwandana A, Purwangka E Profil densitas akustik perikanan
di Perairan Lamalera, Nusa Tenggara Timur pada bulan Juli
2011. Ilmu Kelautan. 2013;18(2):97-104.
https://doi.org/10.14710/ik.ijms.18.2.97-104 Indonesian.
Nie L, LiJ, Liu Y, Sun P, Ye Z, Zhang H, Zhu L, Ma S, Zhang
W, Tian Y. Spatial and temporal characteristics of winter diel
vertical migration of zooplankton and nekton in the East
China Shelf Seas based on multi-frequency echosounder. ]
Geophys Res Oceans. 2023;128:€2023]C020426.
https://doi.org/10.1029/2023]C020426

Sidabutar HC, Rifai A, Indrayanti E. Kajian lapisan termoklin
di Perairan Utara Jayapura. ] Oceanogr. 2014;3(2):135-41.
Indonesian.

Gordon AL. Oceanography of the Indonesian Seas and their
throughflow. Oceanogr. 2005;18(4):14-27.
https://doi.org/10.5670/oceanog.2005.01

Furusawa M. Effects of noise and absorption on high fre-
quency measurements of acoustic-backscatter from fish. Int J
Oceanogr. 2015: 589463. http://doi.org/10.1155/2015/589463
Krey K. Area distribusi dan variasi morfologi ular putih
(Micropechis ikaheka) di Papua. Natural. 2009;8(1):22-8.
Indonesian.

Burd BJ, Thomson RE. Seasonal patterns in deep acoustic
backscatter layers near vent plumes in the Northeastern
Pacific Ocean. FACETS. 2019;4:183-209.
https://doi.org/10.1139/facets-2018-0027

Heywood KJ, Scrope-Howe S, Barton ED. Estimation of
zooplankton abundance from shipborne adcp backscatter.
Deep Sea Res A. 1991;38(6):677-91.
https://doi.org/10.1016/0198-0149(91)90006-2
Diaz-Astudillo M, Caceres MA, Landaeta ME. Zooplankton
structure and vertical migration: using acoustics and biomass
to compare stratified and mixed fjord systems. Cont Shelf Res.
2017;148:208-18. https://doi.org/10.1016/j.csr.2017.09.004
Mutlu E. A comparison of the contribution of zooplankton
and nekton taxa to the near-surface acoustic structure of
three Turkish Seas. Mar Ecol.. 2005;26:17-32.
https://doi.org/10.1111/j.1439-0485.2005.00039.x

Franks TM, Widder EA. The correlation of downwelling
irradiance and staggered vertical migration patterns of zoo-

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

147

plankton in Wilkinson Basin, Gulf of Maine. ] Plankton Res.
1997;19(12):1975-91.
https://doi.org/10.1093/plankt/19.12.1975

O’Driscoll RL, Macauly GJ, Gauthier S, Pinkerton M, Han-
chet S. Distribution, abundance and acoustic properties of
Antarctic silverfish (Pleuragramma antarcticum) in the Ross
Sea. Deep Sea Res 2 Top Stud Oceanogr. 2011;58:181-95.
https://doi.org/10.1016/j.dsr2.2010.05.018

LiuY, Guo J, Xue Y, Sangmanee C, Wang H, Zhao C, Khokiat-
tiwong S, Yu W. Seasonal variation in diel vertical migration of
zooplankton and micronekton in the Andaman Sea observed
by a moored ADCP. Deep Sea Res 1 Oceanogr Res Pap.
2022;179:103663. https://doi.org/10.1016/j.dsr.2021.103663
Cohen JH, Forward RB. Zooplankton diel vertical migra-
tion - a review of proximate control. In: Oceanogr Mar Biol.
2009;47:77-100.

https://doi.org/10.1201/9781420094220

Febrianti ASP, Manik HM, Wijopriono. Pengukuran kelim-
pahan dan sebaran spasial zooplankton menggunakan sci-
entific echosounder di semenanjung utara pesisir Banyuasin,
Sumatera Selatan. ] Ilmu dan Teknologi Kelautan Tropis.
2022;14(1):47-68.
https://doi.org/10.29244/jitkt.v14i1.36218 Indonesian.
Reynolds CS. The Ecology of Phytoplankton. New York:
Cambridge University Press. 2006. 435 p.

Ursella L, Cardin V, Batistic M, Garic R, Gacic M. Evidence
of zooplankton vertical migration from continuous South-
ern Adriatic buoy current-meter records. Prog Oceanogr.
2018;167:78-96. https://doi.org/10.1016/j.pocean.2018.07.004
Latumeten J, Pello FS. Komposisi, kepadatan dan distribusi
spasial zooplankton pada musim barat (Desember-Februari)
di Perairan Teluk Ambon Dalam. In: Prosiding Seminar
Nasional Kelautan dan Perikanan. 2019:72-82. Indonesian.
https://doi.org/10.30598/PattimuraSci.2020.SNPK19.72-82
Nardini R, Picco P, Ciuffardi T, Bozzano R, Demarte M, Raiteri
G, Bordone A, Pensieri S. Marine GIS as a tool to support
backscatter data analysis for zooplankton investigations. ] Mar
Sci Eng. 2023;11(1):22. https://doi.org/10.3390/jmse11010022
Parra SM, Greer AT, Book JW, Deary AL, Soto IM, Culpepper
C, Hernandez FJ, Miles TN. Acoustic detection of zooplank-
ton diel vertical migration behaviors on the northern Gulf
of Mexico shelf. Limnol Oceanogr. 2019;64(5):2092-113.
https://doi.org/10.1002/In0.11171

Teledyne RDI. Field Service Technical Paper 003 (FST-003):
Calculating Absolute Backscatter in Narrowband ADCPs.
California: Teledyne RD Instruments. 1998. 24 p.

Lee K, Mukai T, Kang D, Iida K. Application of acoustic
doppler current profiler combined with a scientific echo
sounder for krill Euphausia pacifica density estimation. Fish
Sci. 2004;70:1051-60.
https://doi.org/10.1111/j.1444-2906.2004.00905.x

Deines KL. Backscatter estimation using broadband acoustic
doppler current profiler. In: Proceedings of the IEEE Sixth
Working Conference on Current Measurement. 1999. p. 249-
53. https://doi.org/10.1109/CCM.1999.755249



148

SUPPLEMENTARY MATERIAL

Supplementary Table S1. ADCP instrument parameter configuration for data processing

Parameters Values Source

K, noise factor 4.3 [58]

K, system frequency constant 4.17 x 10° | [58-59]

T, transducer temperature (°C) 20 On-site measurement
B, blanking zone (m) 4 Instrument calibration
D, bin size (m) 4 User-defined

n, the number of bins 60 User-defined

0, beam angle (°) 30 Instrument calibration
C, sound velocity calibration (m s) 1475 [2,8]

Ry, Rayleigh distance (m) 1.88 [29, 60]

H, distance of instrument to the surface (m) 3.5 Instrument calibration
L, pulse wavelength (m) 4 Instrument calibration
K, output power calibration (Watt) 3.3 [58]

C, system constant (dB) -153.3 [29, 60]

Lpgy logarithmic pulse (dB) 0.60206 | Instrument calibration
Pppu» logarithmic power (dB) 21 (29, 60]
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Supplementary Fig. S1. Locations of research in the Halmahera Sea, Indonesia.
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Supplementary Fig. S2. Vertical profiles of temperature and
salinity at three CTD measurement stations in the Halmahera

Sea, Indonesia.

Supplementary Fig. S3. Vertical profile of sound velocity and
absorption coefficient in the Halmahera Sea, Indonesia.
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Supplementary Fig. S4.
Visualization of seabed
characteristics in the semi-
enclosed water and open-
water location.






