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Abstract

Background Telemetry methods that allow low-cost, offshore tracking are required for the effective conserva-

tion and sustainable use of migratory fish in large lakes with vast and deep offshore areas. Surface drifting buoys,

or drifters, are promising platforms for acoustic receiver attachment that have few operational constraints. However,
the low recovery rate of drifters in the open ocean presents a challenge. In contrast, closed waters, such as lakes, are
more suitable for operating drifters since drifting objects eventually strand on the shore. In this study, we examined
the effectiveness of a single GPS-tracked drifter for telemetry surveys of the common carp Cyprinus carpio, which
migrates throughout the large offshore area of a large lake, Lake Biwa, in Japan. Its performance was assessed regard-
ing the success rate of drifter recovery, detection frequency of tagged individuals, search area of the drifter, and accu-
racy of detection locations.

Results We successfully recovered the drifter during all eight deployments. In 6 deployments, tagged individuals
were detected 777 times. The drifter successfully detected 48% (10 of 21) of the tagged individuals, exhibiting higher
performance (10-33%) than fixed receivers used in other telemetry studies conducted on highly migratory fish spe-
cies in the lake. The drifter scanned an area of 5.5-8.0 km? per day. Based on the data obtained from the field trials,
the horizontal location accuracy of detected individuals was estimated to be approximately 400 m in shallow coastal
areas and 600 m in deep offshore areas. Furthermore, the horizontal distance of tagged individuals traveled was esti-
mated to be between 2 and 9 km within a day.

Conclusion Our newly developed method deploys and retrieves a single GPS drifter that allows low-cost, wide-rang-
ing telemetry surveys in offshore areas of large lakes. The lack of boat noise, moderate moving speed, and continuity
of observation range of the drifter seemingly enabled the efficient detection of tagged individuals. Thus, the drifter
method offers a promising novel approach for acoustic telemetry in offshore waters that can operate in combination
with large receiver arrays and other mobile platforms.

Keywords Lake Biwa, Acoustic telemetry, Satellite telemetry, Surface drifter, Common carp, Cyprinus carpio, Fish
migration
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have established collaborations and data sharing among
multiple institutions and researchers. Nonetheless, the
high cost of installing and operating many receivers pre-
sents a drawback, especially when researchers begin
a telemetry study at a new study site with no existing
receiver network nearby [3, 4]. Moreover, receiver instal-
lation may be challenging in deeper waters such as large
lakes with deep offshore areas [1]. Large lakes are com-
mon diversity hotspots, and numerous fish species liv-
ing within these ecosystems are endangered because
of habitat modification and high fishing pressure [5-7].
Additional ecological and life history information is
essential for effective conservation and sustainable use
[8]. However, migration patterns from shallow nearshore
to deep offshore areas, which constitute the most basic
knowledge necessary for resource management of lake
fishes, remain largely unknown because obtaining infor-
mation on their movement solely from fishery-related
data is challenging. Therefore, it is important to establish
a method that requires low installation and operational
costs to obtain location data from many highly migratory
fish species in the offshore areas of large, deep lakes [9,
10].

Active tracking using shipboard receivers is also widely
employed to study fish inhabiting lake offshore areas
[9, 11]. However, this method requires a person to con-
stantly monitor the location of a tagged individual, and
the tracking period is often short, ranging from a few
hours to several days [10, 12-14]. Furthermore, it is
almost impossible to find fish when it has moved out of
the range of the active tracking receiver. To overcome
these challenges and reduce the economic and labor
costs of tracking aquatic animals across a wide area,
acoustic receivers can be mounted on various surfaces
that are positioned or operated in offshore environ-
ments, such as autonomous underwater vessels (AUVs),
fixed oceanographic observation buoys, and GPS-tracked
buoys, known as drifters [15-18]. The pioneering use of
drifters for acoustic telemetry was reported by Goulette
et al. (2014), who fitted acoustic receivers to surface drift-
ers and deployed them in the Gulf of Maine, an open
ocean along the eastern coast of the United States [16].
Although drifters have been found to be potentially effec-
tive for detecting tagged fish, drifters’ low recovery rate
is considered a significant challenge in open-sea explo-
ration [16, 19]. In contrast to the open ocean, closed
waters, such as lakes, are more suitable for operating
drifters, and their recovery rates are higher since drift-
ing objects eventually strand on the shore. As such, lakes
provide a robust environment to test the use of drifters in
fish telemetry.

When using drifters for telemetry studies, uncertainty
in the position and an inability to control the drifter
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must be considered. Controlled-moving receivers (e.g.,
towed receivers and spot observations from boats) have
also been used to locate tagged fish in open waters [17,
18, 20]. However, the usefulness of these devices may be
hampered by underwater noise and limited observation
time [13, 21, 22]. Compared to controlled-moving receiv-
ers, buoyancy-driven vehicles, such as gliders and drift-
ers, are advantageous because they move through the
water slowly and emit minimal noise [21]. Determining
the positioning accuracy of uncontrolled drifters is neces-
sary to evaluate their effectiveness. In most cases, Argos
and GPS positioning are used to locate moving receivers;
however, both methods have certain positioning errors
[23, 24]. If a drifting receiver detects a tagged individual
at a certain location, the individual’s actual location must
be within the receiver’s detection range plus the drifter’s
positioning error. While the positioning errors of Argos
are within approximately 250-1500 m depending on the
location class (Classes 3, 2, 1, 0, A, B, and Z in order of
accuracy [23]), those of GPS are generally a few to a hun-
dred meters depending on device performance. There-
fore, GPS positioning may provide information about fish
movement at a finer scale than Argos; however, the posi-
tioning accuracy of GPS drifters needs to be evaluated
before their use in lake environments.

Lake Biwa is a large lake located in the middle of Hon-
shu Island on the Japanese archipelago (Fig. 1). Lake Biwa
is one of 20 ancient lakes in the world and encompasses
a biodiversity hotspot, harboring more than 1000 spe-
cies/subspecies including 13 endemic fish species/sub-
species [25-29]. Many endemic fish species present in
the lake have evolved to utilize the extensive pelagic and
deep zones during their life cycles [30]. For example,
the common carp Cyprinus carpio in Lake Biwa moves
into shallow nearshore water (<20 m) or migrates into
feeder rivers to spawn in the spring and summer [31-
34]. Outside the spawning season, in the fall and win-
ter they inhabit deeper “offshore” regions of the lake (of
depth>20 m) [31, 34—38]. These deeper offshore regions
have, in the past few decades, been negatively impacted
by climate change that limits vertical mixing causing
prolonged benthic hypoxia [39, 40]. These environmen-
tal changes may adversely affect fish survival and growth
[41-43]. To facilitate fish conservation in Lake Biwa, it
is necessary to understand the entire migration process,
including the use of both spawning grounds in shallow
nearshore water and nursery grounds in deep offshore
water [33, 44, 45]. However, offshore telemetry studies in
the lake are challenging because of the lake depth (104 m
at its deepest point; >60% of the northern basin is >60 m
deep; Fig. 1). In such a deep lake, the installation of fixed
receivers in deeper offshore regions is labor- and cost-
intensive, and difficult to implement. Instead, researchers
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Fig. 1 Geographical location of the study site. Map of the studly site, Lake Biwa, central Japan. The offshore area of the lake (depth >20 m)
is indicated by a dashed line. The star symbols indicate where the drifter was deployed in the eight trials. Red triangles indicate where the nearshore
and offshore range tests were conducted. Blue symbols with bold Italic site codes indicate where tagged fish were released (details of fish tagging

are summarized in Additional File 1: Table S1)

conducting previous telemetry studies on Lake Biwa
installed more than 30 receivers along the lake shore to
reveal the migratory behavior of two crucian carp spe-
cies that exhibit seasonal migration between shallow
nearshore and deep offshore waters [44, 45]. However,
most tracking data were obtained during the spawn-
ing season when tagged fish were in shallow nearshore
waters, highlighting the challenge of tracking individuals
during non-spawning season when they moved to deep
offshore water in the lake [44, 45]. Considering these

examples, a wide-area search method using drifters may
provide a unique, breakthrough approach to study fish
migration in lakes.

Here, we conducted a telemetry study to ascertain the
effectiveness of GPS drifters to investigate fish migration
within a large lake. To evaluate the effectiveness of the
drifters, we aimed to answer three questions: (1) Can the
drifter detect the signals of tagged individuals in the deep
offshore region of the lake?; (2) How accurate is the esti-
mated location of an individual based on signal detection
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by the drifter?; and (3) How wide an area can the drifter
search immediately or per day?.

Methods

Study site

Lake Biwa is located in central Japan, with a surface area
of 670 km? and a circumference of 235 km [46] (Fig. 1).
The lake has 118 feeder rivers that originate from the sur-
rounding mountains, and the only outlet is the Seta River,
located at the southern end of the lake. The lake consists
of two major basins: the North Basin and South Basin.
The North Basin has a large, deep pelagic zone (sur-
face area: 618 km? mean depth: 43 m; maximum depth:
104 m) and various substrate types, such as rocks, peb-
bles, and sands. In contrast, the South Basin is small and
shallow (surface area: 52 km?; average depth: 4 m; maxi-
mum depth: 7 m) and is mainly characterized by a littoral
environment. In the North Basin, a thermocline forms
at a depth of 5-30 m during May—November (strati-
fied period), whereas it disappears and is absent during
December—April (mixing period). During the stratified
period, stable horizontal water circulations called gyres
are present in the surface layer of the basin, possibly cre-
ated and maintained by the prevailing northerly winds
in the northern area of the basin [47-54]. In contrast,
gyres disappear during the mixing period; instead, strong
northwesterly monsoons often create southeastward drift
currents in the area [50, 51].

Study animals

In this study, we captured 21 common carp, tagged them
with acoustic transmitters (see below for more infor-
mation), and released them at 8 sites in 3 areas of the
northern part of the North Basin (Fig. 1) from fall 2018
to summer 2020 (Additional file 1: Table S1). An elec-
tric fish shocker (Electrofisher LR-20B, Smith-Root Inc.,
WA, USA) and local fishers were used to capture com-
mon carp in shore reed zones (n=38), feeder rivers (n=9),
and on gravelly beach shores (n=4) (Additional file 1:
Table S1). Before tagging, each fish was anesthetized in
a 0.05% solution of 2-phenoxyethanol for 10-15 min
until the fish began to float upside down [55-57]. After
anesthesia, each fish was measured and weighed. Subse-
quently, a small incision (approximately 3 cm in length)
was made on the ventral side (off midline) of the fish, and
an ultrasonic transmitter (V9-1L, V13-1H, or V16-4H;
Innovasea Systems Inc., Canada) was placed in the ven-
tral cavity [55, 58]. The incision was sutured using a
biodegradable string. The transmitter produced a set of
69 Hz coded ultrasonic pulses (a “signal”) that provided
fish ID. The signals were emitted randomly between 90
and 150 s (average: 120 s) throughout the expected bat-
tery life. After surgery, a dart tag (PDS; Hall Print Inc.,
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Canada) was attached to the base of the dorsal fin for
external identification [58, 59]. The individual was then
maintained in fresh lake (or river) water for approxi-
mately 20 min to allow the anesthetic to wear off. The
fish were released into the lake (or river) after normal
swimming behavior was confirmed. Except for individ-
ual K040, which was translocated offshore for another
biologging study [not described in this paper], all tagged
individuals were released near their capture site (Fig. 1,
Additional file 1: Table S1).

Equipment

The drifter was comprised of four parts: (1) a GPS-Argos
satellite communication unit (ABU-1005G “Sea horse,
Nomad Science Inc., Japan), (2) an acoustic receiver
(VR2W, Innovasea Systems Inc., Canada), (3) a ring-
shaped foamed polyethylene float (TSR-400, Toyo Bus-
san Co. Ltd., Japan), and (4) protective equipment made
of PVC pipes (Fig. 2A). The GPS-Argos unit consisted of
three parts: a metal cylinder with an Argos transmitter
and GPS receiver, an antenna for satellite communication,
and a battery case that was covered with a waterproof
acrylic cover (Fig. 2A). The main body of the GPS-Argos
unit was housed inside a PVC pipe. The receiver was
externally mounted on the outside of the protective PVC
pipe (Fig. 2A). When placed on the water surface, the
height of the upper part of the buoy (above the float) was
approximately 20 cm and the length of the underwater
part was approximately 60 cm (Fig. 2A, B). The float pro-
vided sufficient buoyancy to maintain the antenna above
surface level (Fig. 2C). To ensure buoy retrieval, our con-
tact information was provided on the top of the float and
on the side of the receiver (Fig. 2B-D).

The drifter recorded its GPS position at regular inter-
vals (every minute for the range test experiment and
every 2 min for the drifter experiment; see information
below) and the latest position information was transmit-
ted to the Argos satellite at 90 s intervals. A GPS board
(GPM-DD606, Shanghai Dandi Communication Tech.
Co., China) built into the unit had a nominal positioning
error of 2.5 m. The unit was powered by five D-size bat-
teries and had a battery life of approximately 35 days. The
receiver recorded the signals transmitted from the tagged
fish and the detection time.

Field experiments

Two field experiments were conducted in Lake Biwa: (i)
the drifter experiment, in which we attempted to detect
tagged individuals using the drifter as well as to evaluate
how wide an area can it searches for and (ii) a range test
experiment to verify the detection range of the receiver
mounted on the drifter.
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Fig. 2 Description of the drifter used in the present study. A A cross-sectional view of the drifter. B-D Photographs of the drifter before deployment
(B), just after onshore deployment (C), and before retrieval on the beach where it was stranded (D)

Drifter experiment

We conducted eight drifter deployment trials from Janu-
ary to March 2021, which is considered a non-spawning
season for common carp, to detect the signals of 21 com-
mon carp captured and released near the lakeshore in
2018-2020. Drifter deployments were initiated at various
locations and wind directions (Table 1). The drifter was
manually deployed and retrieved according to the follow-
ing protocol (Fig. 3A). For the two deep water deploy-
ments, we used a motor vessel “Biwakaze” (overall length:
28.1 m, overall breadth: 6.2 m, overall depth: 2.4 m,
gross tonnage: 71 t) from the Lake Biwa Environmental
Research Institute. The drifter was dropped from the boat
deck to the water surface. For the six lakeshore deploy-
ments, the drifter was manually floated on the water
surface where the water depths were>0.6 m and then
released. Five of the six deployments were conducted
near the mouth of the feeder rivers, mainly on windy
days (Table 1), because we expected that strong offshore
winds (and currents) would allow the drifter to easily
reach deep offshore areas. Once the drifter was deployed,
its location was monitored using the GPS positional data
uploaded to the Argos system’s website (Fig. 3A).

Range test experiment
The detection range of the receiver was verified using
test transmitters under two conditions: shallow and

deep waters (Fig. 3B, C). Two transmitters (V13-1H and
V16-4H) were used for the test. Range tests in shallow
nearshore area were conducted at the mouth of the Chi-
nai River on October 1st and 6th, 2021 (Fig. 1). The two
test transmitters were placed at a depth of 60-70 cm,
approximately 10 cm above the sandy bottom and the
drifter was then released into the river current at the
river mouth (Fig. 3B). After the drifter was stranded on
the lake shore, the GPS data and detection data were
downloaded from the drifter and receiver, respectively.
The range test in the deep offshore area was conducted
using a fishing boat (overall length: 8.5 m, overall
breadth: 2.2 m, overall depth: 0.9 m, gross tonnage: 1.4
t) southeast of Chikubushima Island on November 1st,
2021 (Fig. 1). After arriving at a suitable location where
the water depth exceeded 50 m, the test transmitters
were placed in the water at a depth of approximately
20 m before the drifter was placed on the water surface
from the boat and released (Fig. 3C). The boat drifted
with its engine turned off for approximately 3.5 h after
buoy deployment. Since the differences in the moving
speed of the drifter and the boat gradually decreased
(i.e., the drifter became as fast as the boat), we turned
the boat engine on for a few minutes and moved away
twice to continue the test at a greater distance. The GPS
track of the boat during the test was recorded every
minute using a handheld GPS (Garmin GPSMAP 64SJ;
Garmin Ltd., Taiwan).
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Fig. 3 Schematic design of the present study. A In the drifter deployments, the drifter was deployed either from beaches or river mouths

or from vessels at offshore locations. When the drifter encountered a tagged fish, the receiver recorded its signals. GPS positions were logged

by the drifter and uploaded to the Argos system whenever the drifter communicated with satellites. The drifter was retrieved after becoming
stranded on the shore. B Setting of the range tests in shallow nearshore area. First, the two test transmitters were placed at a depth of 60-70 cm,
approximately 10 cm above the sandy bottom. After the transmitters were fixed, the drifter was placed near the transmitters (<5 m)

for approximately 10 min. The drifter was then moved toward the center of the river mouth and released into the river flow. The transmitters were
left in the water at the same location for the next 4-24 h to ensure that the drifter reached a sufficiently large distance from the transmitters such
that the transmitters were out of the drifter’s detection range. The drifter was stranded on the lake shore and retrieved 2-3 days after deployment. C
The range test in deep offshore area was conducted using a fishing boat. After arriving at a suitable location where the water depth exceeded 50 m,
the boat engine was turned off to reduce noise. The test transmitters were placed in the water at a depth of approximately 20 m before the drifter
was placed on the water surface from the boat and released. The boat drifted with its engine turned off for approximately 3.5 h after drifter
deployment
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Data analyses

GPS positional data were downloaded from the drifter
using GPS software ver. 2.1.5 provided by Nomad Science
Inc. and mapped using Google Earth Pro ver. 7.3.4.8248
(64-bit). The GPS positions obtained before deployment
and those after the drifter became stranded were manu-
ally removed. In cases when the GPS data were unavail-
able, the most accurate “Class 3” Argos location data
(accuracy: <250 m [23]) were included in our analyses.

Fish detection data were downloaded from the receiver
using VUE software provided by Innovasea Systems Inc.
To maximize data efficiency, we considered single detec-
tions valid if corroborated by ancillary information (e.g.,
detections at fixed receivers deployed at the shoreline or
past track history) as described by Goulette et al. (2014)
[16]. The fish detection data were integrated with the
GPS track of the drifter by matching the timestamps of
both datasets. While we could obtain GPS data from the
drifter at 2 min intervals, the signal emission interval of
the transmitters was random at 90-150 s (once every
2 min on average). Therefore, we considered the GPS
position closest to where the signal was detected as the
location where the individual was detected.

The drifter’s GPS tracks and fish detection position
data mapped onto the GPS tracks were then analyzed
using QGIS ver. 3.18.1. The fTools plug-in in the software
was used to analyze the distances between GPS points
as follows: First, to measure how far the drifter reached
offshore in each trial, the maximum distance from the
shoreline (D,,,,) was determined. This value was cal-
culated as “the maximum value among the distance
between a single location of the drifter and the nearest
lakeshore,” obtained for all GPS points on the drifter tra-
jectory. Then, the maximum distance from the drifter
deployment site to the furthest detection point (D,,;4,4)
and the maximum distance between the two furthest
detection points (D) were determined to observe
each individual’s range of movement.

The speed of the drifter, as well as the distance trave-
led by the drifter, was calculated using Igor Pro ver. 8.04
(Wave Metrics Inc.,, OR, USA) to determine its char-
acteristics as a telemetry platform. As individual GPS
positions can have positioning errors of several tens of
meters, the GPS track was split into sections of 20 min
each. Subsequently, the median latitude and longitude
of the GPS points within each section (10 points) were
determined as the representative points of the section.
The speed of the drifter was calculated by dividing the
distance between the sections by the travel time (20 min).
The distance traveled by the drifter was calculated as the
sum of the distances between the sections.

The accuracy of the (horizontal) location of tagged
individuals was evaluated based on the following
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considerations: (1) the detection range of the receiver,
(2) the positioning error due to the performance of the
GPS board built into the drifter, and (3) the timing gap
between GPS positioning and signal detection, which
became apparent in processing the data from the drifter
trials. Furthermore, although data were unavailable, we
also considered that (4) the horizontal detection distance
becomes shorter when the transmitter (individual) is at a
greater depth (e.g., close to 100 m) (Additional file 2: Fig-
ure S1).

Results
Drifter experiment
We successfully retrieved the drifter in all eight deploy-
ments (Table 1). In five deployments, where the drifter
was deployed offshore (deployments #1 and #6) or at
a river mouth under strong wind conditions (deploy-
ments #3, #4, and #8), the drifter traveled east or south-
eastward for 2-5 d and reached the east or southeast
coast of the lake (Fig. 4). The total distance traveled by
the drifter was 23.4+7.8 km, the mean travel speed
was 6.3-9.7 m min~}, and the maximum distance from
the nearest shoreline (Dg,,,) was 5.3-6.8 km (Table 2).
In the remaining three deployments (#2, #5, and #7),
the distance traveled by the drifter was 0.4—1.4 km, the
mean travel speed was 1.2-3.8 m min~! (Table 2, Addi-
tional file 2: Fig. S2), and the maximum distance from
the nearest shoreline was 0.2—-0.6 km (Table 2). Exclud-
ing the three deployments in which the drifter returned
to shore immediately after its release, it covered a total
area of 11.1-30.3 km? (based on a conservative estimate
of 300 m of the receiver’s detection range) (Table 2).
During the eight deployments conducted for approxi-
mately 2 months (25 days total), ten tagged carp were
detected by the drifter in six of the eight trials (Tables 2
and 3). The total number of detections was 777 (1-328
per individual) (Table 3). For each individual, the distance
from the release site to the most distant detection site
(Dyigrate) ranged from 1.8 to 12.6 km. The maximum dis-
tance between the detection sites for individuals detected
more than once (D) was 0.02—8.6 km. All of the sites
where the tagged fish were detected extended offshore of
the North Basin (Fig. 5), except for one individual (K023),
which was detected only near the mouth of the Adogawa
River (green plots in Fig. 5H).

Range test experiments

In the two range tests conducted in shallow nearshore
waters, signal detection was continuously successful up
to an approximate distance of 280 m (Additional file 2:
Figure S3). During the experiment in deep offshore
water, the drifter continuously detected signals from
both transmitters when the distance between the drifter
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Fig. 4 GPS tracks of the drifter deployed in Lake Biwa. The colored arrows and crosses indicate the locations where the drifter was deployed

and retrieved, respectively. Each color represents one deployment: blue (#1), gray (#2), light green (#3), light orange (#4), red (#5), pink (#6), green
(#7), and orange (#8). The black arrows show the direction of drifter movement. The offshore area of the lake (depth >20 m) is indicated by a dashed
line. Note that the Argos locations of the drifter in the latter half of deployment #8 are shown with triangles and dotted lines because GPS positions

were unavailable because of mechanical failure

and transmitters (i.e., the boat) was within approximately
480 m (Additional file 2: Figure S4).

Estimated location accuracy of individuals detected

by the drifter

In shallow nearshore waters, (1) the detection range of
the receiver was 300 m, (2) the GPS error of the drifter
was ~ 70 m (Additional file 2: Figure S5), and (3) the tim-
ing gap between GPS positioning and signal detection
corresponded to a maximum distance of 26 m (Addi-
tional file 2: Figure S6), resulting in a radius of approxi-
mately 400 m (Table 4). In deep offshore waters, (1) the
detection range was 500 m, (2) the GPS error was~70 m,
(3) the timing gap was a maximum of 26 m, and (4) the

reduction in horizontal distance by depth was a maxi-
mum of 10 m (Additional file 2: Figure S1), resulting in a
radius of approximately 600 m (Table 4).

Discussion

Effectiveness of the drifter method in a lake environment
The results of the drifter experiment indicated that the
method of repeatedly deploying a single drifter can be
employed to effectively search for and detect tagged indi-
viduals in the offshore areas of a lake. During the eight
deployments conducted over approximately 2 months
(25 days total), the drifter detected 48% (10 of 21) of the
tagged individuals. In addition, nine tagged individu-
als were detected mainly in the deep offshore waters of
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Table 2 Results of the drifter experiment

Trialno  Deployment period  Duration of Distance Area Travel speed [m Maximum distance Number

deployment [h] covered searched min~] from the shoreline of fish
[km] [km?] [km] detected
Mean+s.d. Max

#1 Jan 26-29 67.5h 33.1 199 82+58 255 6.6 4

#2 Feb 1-2 59h 05 03 14+14 5.1 0.2 0

#3 Feb 2-5 485h 185 1.1 63+35 16.0 6.7 7

#4 Feb 5-9 834h 33.0 19.8 66+35 17.7 6.8 4

#5 Feb 9-10 14h 04 0.2 38+1.2 53 03 1

#6 Feb 12-15 97.1h 379 227 6.5+4.1 224 83 3

#7 Mar 25-26 34h 14 0.8 1216 6.0 0.6 1

#8a Mar 26-28 499 h 276 16.6 92+43 214 53 0

#8b Mar 28-31 68.5h >229 >13.7 9779 264 48 0

GPS tracking suspended in the mid-course of Trial #8 and only Argos Doppler locations were available thereafter; therefore, distance covered, travel speed, and
maximum distance from the shoreline were calculated separately for the former (#8a) and latter (#8b) periods

the North Basin. Although several telemetry studies
have previously been conducted in Lake Biwa [44, 45,
60], this is the first study in the lake that has successfully
detected tagged individuals at multiple locations in deep
offshore regions. Previous studies by Mitsunaga and his
colleagues installed acoustic receivers on three water
quality observation towers moored in the deep offshore
region of the North Basin and reported that the ratio of
detected to tagged individuals was 33% for Biwa salmon
Oncorhynchus masou subsp. and 10% for Gengoro-buna
crucian carp Carassius cuvieri; the numbers of detection
sites were limited to three and one, respectively [45, 60].
Generally, fixed receivers are effective when numerous
individuals aggregate within a specific area (e.g., spawn-
ing grounds) or pass through a known location (e.g.,
channels or fishways) because the fixed receivers provide
constant observation at the set location [1, 58]. By con-
trast, the drifter method uses a belt transect to search
for individuals along the movement path of the drifter.
Therefore, during periods when individuals disperse over
a wide area (e.g., non-spawning season) or if sites where
individuals aggregate (e.g., spawning or feeding ground)
are not specified, the effectiveness of the drifter increases
and exceeds that of fixed receivers.

Positioning accuracy of the drifter for locating tagged fish

Although drifters provide lower accuracy (higher uncer-
tainty) in estimating the location of detected individuals
than fixed receivers, the location accuracy of detected
fish (400 m in shallow and 600 m in deep areas) is suf-
ficient to understand the distribution and movement of
fish migration through large lakes such as Lake Biwa. The
drifter detected ten individuals at multiple locations over
a wide area covering the northern half of the North Basin,
revealing a long-range, lake-wide seasonal migration

of the species for the first time. In addition, the drifter
encountered five individuals (K012, K025, K031, K034,
and K040) at multiple locations 2-9 km apart within
a single day, providing partial information about the
daily range of their horizontal movement. In Lake Biwa,
such long-distance movement was detected by a coastal
receiver array only in one individual round crucian carp
Carassius buergeri grandoculis, which moved 16.7 km
in 40 h [44]. Considering the effectiveness of the drifter
method in which only one drifter is used, simultaneously
operating multiple drifters is likely to increase the num-
ber of detected individuals, number of times each indi-
vidual is detected, and detection area of each individual.

Features and challenges of the drifter method

When using multiple drifters simultaneously, the unpre-
dictability of drifter trajectories is the greatest problem.
Once released, the drifter travels through the lake by
both wind and currents; however, neither can be pre-
dicted with high accuracy on a local (5 or 10 km) scale
for several days or more. Furthermore, it is impossi-
ble to predict whether the wind or currents will have a
greater influence on drifter movement. Therefore, the
trajectory of each drifter cannot be predicted, and the
effects of wind and currents on the movement of the
drifter can only be determined after obtaining the trajec-
tory data from the recovered drifter. In other words, the
areas over which drifters search and the locations where
they become stranded are uncontrollable. However, if
the surface currents of the lake are partially predictable
(e.g., the presence of gyres or drift currents generated
by prevailing seasonal winds), one can roughly predict
a likely route (based on the site of deployment and pos-
sible stranding sites) of the drifter through several pilot
trials if repeated regularly. If a predictable route can be
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Fig. 5 Locations of release and detection of tagged fish. A=l Each colored circle indicates a single detection, and its color denotes the deployment
in which the focal fish was detected. Filled triangles indicate where the tagged fish were captured and released (A-F, H, I). The locations

where a fish (K040) was captured and translocated for release are indicated by open and closed triangles, respectively (G). Two individuals (K023
and K026) that were released from the same site and detected in a single deployment are shown in the same panel (H)

determined, deploying multiple drifters from differ-
ent sites can efficiently widen the area covered. Drifters’
dependence on winds and currents may, however, cause
some biases for locating fish in nearshore shallow waters
because the days on which the drifter can be deployed
from the lake shore are limited. For example, the behav-
ior of fishes may change in accordance with specific wind
or flow conditions [55, 61-63]. Deploying a fixed receiver
at sites where drifters are released may help correct such
biases.

In this study, we established a method for drifter
deployment from the lake shore that enables low-cost

and highly reliable offshore observations. The two key
features of this method are easy deployment and reliable
recovery at the shore. First, the drifter used in the present
study had a shorter underwater portion to avoid con-
tact with commercial fishing gear; therefore, it was easy
to deploy from the shore. Specifically, one can deploy
the drifter by hand (without using a vessel) while letting
it drift offshore without being stranded if river flow or a
strong wind creates an offshore current at a shallow site
(<1 m depth). This easy-to-deploy feature enables the
low-cost deployment of acoustic receivers in deep areas
of the lake. Second, the use of drifters in closed water
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Table 4 Positioning accuracy of the drifter for locating tagged

fish
Factors Distance [m]
Nearshore Offshore
(i) Detection range ~300 ~500
(ii) GPS positioning error <70 <70
(iii) Timing gap <26 <26
(iv) Depth effect - <10
Overall uncertainty (accuracy) ~400 ~600

The distance between the actual location of the detected individual and the GPS
location of the drifter is sum of the following four factors: (i) the detection range
of receivers, (ii) GPS positioning errors, (jii) the distance traveled by the drifter
during the time between GPS positioning and signal detection, and (iv) the
effect of the depth at which a tagged individual stayed. [An additional file shows
this in more detail (see Additional file 2 Figures S1-56)]

(i.e., lakes) naturally leads to a high recovery rate of
drifters in the field. During deployments in the lake, the
drifter was successfully recovered on all eight occasions.
This high recovery rate (100%) significantly exceeded that
of previous drifter surveys conducted in the open ocean,
with recovery rates of 46% [16]. The main difference
between a closed lake and an open ocean is, as expected,
that floating objects can be washed up onto the lake-
shore relatively frequently, either by wind or waves. One
possible concern is the structural robustness of drifters.
When the drifter washed ashore onto wave-dissipating
blocks during rough weather (e.g., deployment #8), the
antenna cover was damaged, and water entered the com-
munication unit (consisting of the Argos transmitter and
GPS module), causing it to malfunction. To prevent dam-
age to the drifter from unexpected events, extending the
protective pipes to cover the above-water portion of the
drifter could enhance the impact resistance of the drifter
and thus ensure a high recovery rate in the field. As for
increasing the recovery rate, previous drifter studies have
stressed the importance of building a cooperative rela-
tionship between fishermen and other stakeholders in
study areas. As such, broad announcements and frequent
communication with such stakeholders before and dur-
ing drifter deployments not only help prevent unprec-
edented challenges while operating drifters but also
increase the chance of recovering drifters successfully.

Future perspective for applications of the drifter method

The drifter method established in this study offers sev-
eral potential directions for future development. First,
we expect the drifter to serve as a dual observation plat-
form that enables the simultaneous observation of fish
migration and lake currents at various spatial and tem-
poral scales. Since we repurposed a satellite communi-
cation buoy originally for water current measurements
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to a drifter for telemetry surveys, we could naturally
extract information of water currents from its trajectory
data. Therefore, we could observe fish behavior and the
water currents in the study area simultaneously. Second,
drifters can potentially serve as platforms for the in situ
observation of various physical and chemical param-
eters, such as water temperature, dissolved oxygen, and
chlorophyll concentrations, given that such multimodal
environmental measurements have become increas-
ingly popular in recent years [64—66]. As confirmed in
this study, the recovery rate of the drifter in the closed
water lake was very high, making it suitable for mount-
ing instruments that require recovery to obtain (ie.,
download) data. Integrating these physical and chemi-
cal parameters with telemetry data on the position and
movement of a given organisms, as well as wind and cur-
rent data estimated from drifter trajectories, will provide
a more comprehensive understanding of the interaction
between the migration of an organism and its surround-
ing environment.

Conclusions

We show that low-cost wide-area telemetry surveys in
offshore areas of large lakes are feasible by repeatedly
releasing and retrieving a small, lightweight drifter that
combines a satellite communication buoy and an acous-
tic receiver. This result suggests that a lack of boat noise,
a moderate moving speed, and observation continu-
ity (both temporal and spatial) seem to contribute to the
effectiveness of drifters in detecting tagged fish. The data
obtained from the drifter provide an estimation of the
horizontal positions of tagged individuals with an accu-
racy of approximately 400 m in shallow coastal waters and
600 m in deep offshore waters. Furthermore, the drifter
provides information on the horizontal movement of
tagged individuals (although fragmentarily) over time-
scales from several hours or longer. As our drifter method
does not require receiver installation at fixed stations or
vessels (and researchers onboard) during observation, it
is very economical and labor cost-effective for long-term
monitoring. On the other hand, the drifters’ depend-
ence on physical conditions, such as winds and currents,
may cause biases in collecting behavioral data particu-
larly in nearshore waters as those conditions may change
fish behavior in shallow waters. Comparing the dataset
obtained by drifters with that obtained by fixed receivers
(or other controlled-moving receivers) cannot only pre-
vent and correct for such biases but also provide insight
into the behavioral response of fishes to their surround-
ings. Thus, the drifter method offers a promising novel
option for acoustic telemetry surveys in offshore waters
that can operate in combination with existing large coastal
receiver networks and other mobile telemetry platforms.
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