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Due to there being a lack of suitable approaches for evaluating the effectiveness of

artificial reefs, two experiments were designed to examine the feasibility of

acoustic telemetry, a rapidly developing method for tracking aquatic animals.

The first experiment was conducted to understand the deployment procedures of

an acoustic telemetry system and determine the appropriate deployment of

receivers’ spacing, while the second experiment was conducted to quantify the

site fidelity and habitat use of 11 reef fish in the Fangchenggang artificial reef area in

the northern South China Sea, China. The results indicated that the logistic

regression model was an effective way to balance the detection probability at

different distances between the range test transmitter and receiver, with above

50% detection probability within 240 m and 80% detection probability within

110 m. The residency index, as a quantification of site fidelity, was 0.85 ± 0.24. The

100%minimum convex polygon, 95% kernel utilization distribution, and 50% kernel

utilization distribution, which are the indicators of habitat use, were 34,522.94 ±

35,548.95, 1,467.52 ± 1,619.05, and 236.01 ± 294.59 m2, respectively. High site

fidelity and the small spatial scale of habitat use for reef fish demonstrated that

artificial reefs were an effective man-made structure to attract fish. Overall, this

study supports the feasibility of the acoustic telemetry system, indicating that it

provides a good approach for quantifying the associations between artificial reefs

and fish.

KEYWORDS
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1 Introduction

Global marine biodiversity and fishery resources have continuously decreased under the

constant pressure of overfishing, water pollution, and climate change in recent years (Jackson

et al., 2001; Worm et al., 2006; O′Hara et al., 2021). According to statistics from the Food and

Agriculture Organization (FAO), the proportion of fish stocks within biologically sustainable
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levels decreased from 90% in 1974 to 64.6% in 2019 (Food and

Agriculture Organization (FAO), 2020; FAO, 2022). Some active

strategic management measures have been implemented worldwide

to create more sustainable fisheries, including input-oriented control

measures (such as fishing permits, closed fishing areas, and seasonal

fishing restrictions) (FAO, 2003; Morison, 2004; Tang, 2011), output-

oriented control measures (such as total allowable catches and fishing

quotas) (Pope, 2009; Lyu et al., 2022), and technological control

measures (such as marine conservation areas, marine life stocks

enhancement, and artificial reefs construction) (FAO, 2011; Shen

and Heino, 2014; Zhang et al., 2021). Among these measures, artificial

reefs (ARs), man-made submarine structures, have the main purpose

of increasing the diversity and biomass of fishery resources by

providing additional favorable habitats for the organisms living in

coastal waters (Sreekanth et al., 2017). Historically, Japan is the first

country to research the ecological applications of ARs (OKA, 1962).

Over the years, ARs have been widely deployed in coastal waters all

over the world and have been studied in 56 countries (Lima et al.,

2019). In China, the government invested a total of 5 billion RMB

(approximately 0.75 billion USD) in marine ranching and AR

construction from 2000 to 2016. As a result, more than 200 marine

ranches in an area of 852.6 km2 had been built, where they had placed

ARs of 60 million m3 in volume (Zhou et al., 2019). With the

continuous investment in AR construction, there are increasing

concerns about whether ARs can achieve the desired goals of

enhancing stocks.

Evaluating the effectiveness of ARs is a challenge due to the

complexity of topography in ARs. To our knowledge, methods for

the effective evaluation of ARs can be divided into two categories:

laboratory simulation and field monitoring. Laboratory simulation

evaluates the effectiveness of ARs by observing the behavioral

responses of reef fishes to the scaled-down AR models in

experimental troughs (Zhou et al., 2011; Zhang et al., 2022).

However, there are limitations of this ex situ approach in

reflecting the actual situation of natural waters. In contrast, field

monitoring includes traditional fishing gear, diving visual census,

underwater video, and hydroacoustic detection (Lam, 2003; Liu

et al., 2015; Yuan et al., 2021). However, these methods also have

limitations. For instance, fishing gear (such as bottom trawl nets,

gill nets, hooks and lines, and cage traps) have selectivity

constraints for fishery targets. Bottom trawling, in particular,

can only be used on the edge of an AR area and can easily cause

habitat damage (Sun et al., 2020). Diving visual census and

underwater video are limited due to factors such as light

intensity, water depth, and turbidity (Zeng et al., 2021).

Meanwhile, hydroacoustic detection may not detect benthic

animals when they are in the acoustic blind zone, and it is

difficult to separate the signal of animals from that of ARs (Ona

and Mitson, 1996). Thus, other techniques need to be developed

while implementing the approaches described above to fully

understand the effectiveness of ARs.

Acoustic telemetry, also called ultrasonic telemetry, has become a

popular in situ approach to studying the movement and habitat use of

aquatic animals (Cooke et al., 2004; Hedger et al., 2009; Alós et al.,

2012). The acoustic telemetry system is mainly composed of receivers

and transmitters (Lyu et al., 2021). To obtain accurate information,

the scientific deployment of the acoustic telemetry system (i.e., the
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receiver placement and transmitter attachment) is essential. Animals

need to be individually tagged with transmitters that emit unique

signals with position and environmental data (such as water

temperature and depth), which are detected by the receivers placed

underwater (i.e., the receiver array) (Brownscombe et al., 2020).

Although numerous studies have quantified the movement of

different species from migratory fishes (such as tunas and salmons)

to sedentary fishes (such as rockfish and snappers) in the estuaries,

bays, coral reef habitats, and open sea areas by acoustic telemetry

(Welsh et al., 2012; Smith et al., 2015; Biggs and Nemeth, 2016; Block

et al., 2019; Keller et al., 2020), few studies did that in AR area.

Furthermore, for the AR effectiveness evaluation, most of the previous

studies focused on species variation, quantity, and weight of fish

assemblage in the AR area (Charbonnel et al., 2002; Cenci et al., 2011;

Zeng et al., 2018). However, few studies have evaluated the

effectiveness of ARs from the perspective of fish utilization in AR

habitats by acoustic telemetry, meaning information regarding site

fidelity and habitat use of reef fish in AR areas is limited.

The overall goal of the present study was to examine the

feasibility of using acoustic telemetry to evaluate the fish

attraction effectiveness of ARs. The specific objectives were to

1) understand the deployment procedures of acoustic equipment,

2) determine the appropriate receiver spacing, and 3) quantify

the site fidelity and habitat use of reef fish in the Fangchenggang

AR area, Beibu Gulf, northern South China Sea. The research

results may enrich approaches to evaluating the effectiveness of

ARs and contribute to the decision-making process of

sustainable fisheries.
2 Materials and methods

2.1 Experiment I: deployment test of the
acoustic telemetry system

2.2.1 Experimental design
To optimize the deployment of acoustic equipment and test the

appropriate receiver spacing, a total of eight VR2Tx receivers and one

range test transmitter with a 10-s fixed delay transmission interval

(Vemco Ltd., Halifax, Nova Scotia, Canada) were used to deploy the

acoustic telemetry system in the coastal waters with a depth averaging

12 m. The range test transmitter was moored in the front, followed by

the receiver mooring every 50 m in a straight line. All of them were

suspended at a depth of 7 m above the seabed (Figure 1).

2.2.2 Experimental procedure
Firstly, the position (longitude and latitude) of the transmitter

and receiver were determined by Google Earth software (Google Inc.,

Mountain View, California, USA). Prior to placement, the transmitter

and receiver were singly tied at a depth of 7 m from the bottom of the

nylon rope using cable ties. An anchor and a buoy were tied to the two

ends of the nylon rope, respectively (Figure 1). Some parameters such

as the battery remaining capacity of the receiver were set in a

computer installed with Vemco user environment (VUE) software

(www.innovasea.com). Then, the transmitter and receiver were placed

in the predetermined position with the help of a high-accuracy

differential GPS instrument (Trimble Inc., Sunnyvale, California,
frontiersin.org
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USA). After 1 h, they were retrieved from the sea, and the

experimental data in the receivers were downloaded by the

VUE software.
2.2 Experiment II: fish tracking in the
Fangchenggang AR area

2.2.1 Study area
The fish tracking experiment was conducted in the

Fangchenggang AR area (21°25.278′–21°25.697′N, 108°12.924′–108°
14.039′E) with a water depth averaging 16 m between July and

September 2017. Since the first ARs were placed in 1979, about

2,190 ARs (3–6 m in height) with 123,760 m3 in volume have been

placed here to date (Figure 2) (Jia et al., 2021).
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2.2.2 Receiver placement
Prior to receiver placement, a range test was performed in

accordance with the procedures in Experiment I to know the

appropriate receiver spacing in the study area; the only difference is

that receivers were moored upside down. The results of the range test

showed that hourly detection probability was above 80% within

150 m, so the receiver spacing was set as 150 m to guarantee high

detection proportion. To cover the AR concentration zone, 11 Vemco

VR2Tx receivers were moored upside down at a depth of 7 m above

the seabed given the height of ARs and the bottom swimming of reef

fish. The receivers were placed in polygons to increase the probability

that transmissions could be detected by multiple receivers

simultaneously (Figure 2). Given that biofouling might occlude

signals, all the receivers were coated with an antifouling paint in

advance (Heupel et al., 2008). In addition, a transmitter as the
FIGURE 2

Map of the study area located in Beibu Gulf, northern South China Sea. The 11-receiver array was placed in polygons between July and September
2017. A reference tag was placed at the center of the array.
FIGURE 1

Schematic of range test experiment showing the deployment of the moored transmitter and receiver. The range test transmitter (not attached directly to
the rope) was moored in the front (0 m), and eight receivers were moored at fixed distances from the transmitter (50, 100, 150, 200, 250, 300, 350, and
400 m).
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reference tag was moored at the center of the receiver array to validate

the accuracy of positioning results presented by the acoustic telemetry

system (Muñoz et al., 2020).

2.2.3 Fish capture, tagging, and release
The animal study was approved by the Animal Experimental

Ethics Committee of Guangdong Ocean University, China. A

previous study found that the released seabreams have homing

behavior, as they tend to return to the site where they were

captured (Mitamura et al., 2005). To test this, a total of 11

individuals of reef fish from six species, with total lengths

ranging from 185 to 270 mm and weights ranging from 195 to

500 g, were captured in Fangchenggang coastal waters (not in the

study AR area) using line angling by local fishermen. These fish

were reared for 48 h at a conventional cage net to guarantee that

they are in a normal state.

Prior to tagging, the nylon line was looped at the middle of the

transmitter (Vemco V9, 69 kHz, 47 mm in length, 9 mm in

diameter, 2.7 g in water, 60–120-s random delay transmission

interval) and fixed by cyanoacrylate glue; then, the processed

transmitters and a curved needle were immersed in a 75%

ethanol solution for 5 min. After that, each individual was

anesthetized by immersion in the seawater containing a dose of

100 mg/L of tricaine methane-sulfonate (MS 222) until loss of fish

body equilibrium was observed (Neves et al., 2018). All the

individuals were measured to the nearest millimeter in total

length and weighed to the nearest gram. One end of the nylon

line on the processed transmitter was threaded through the fish

dorsal muscle using the curved needle and tied with another end of

the line; 0.5% povidone-iodine solution was then sprayed around

the wound to prevent infection. For tagging, the fish out of the

water process was completed within 5 min. Then, the tagged fish

were placed in a tank with fresh seawater to recover their normal

behavior (Figure 3). Finally, they were held at the ballast tank of a

fishing vessel and released at the center of the receiver array in the

study area. The biological information and release date of 11

tagged fish are summarized in Table 1.
2.3 Statistical analysis

2.3.1 Experiment I
The detection proportion (DPi, %) for each receiver is calculated

as follows (Mathies et al., 2014):
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DPi =
ODi

EDi
� 100

where ODi is the number of observed detections for a receiver i

and EDi is the number of expected detections. One-way ANOVA was

conducted to test for significant differences in the detection

proportion at different distances between the range test transmitter

and receiver; the data were checked for normality using the Shapiro–

Wilk test and for homogeneity of variances with Levene’s test, which

were performed in the SPSS 22.0 software (IBM Inc., Armonk, New

York, USA). p < 0.05 was considered statistically significant.

Considering that the transmission detected or not detected was

the binary response variable, a logistic regression model was fitted to

the data to predict the detection probability at different distances (i.e.,

the appropriate receiver spacing) by using the “glm” function in the R

version 4.2.0 (Kessel et al., 2014; Swadling et al., 2020). The model

significance was examined by the Hosmer and Lemeshow goodness-

of-fit test, and p > 0.05 means it provides a satisfactory fit to the data

(Hosmer and Lemeshow, 2000).

2.3.2 Experiment II
The presence and absence of fish in the study area could be

detected by an individual receiver, while the fish position was detected

by three or more receivers simultaneously and calculated based on the

time difference of transmission arrival at the receivers (Williams-

Grove and Szedlmayer, 2017). We had originally intended to

download the data at the end of the experiment. However, due to

the typhoon, receivers were retrieved twice during the experiment,

and tracking dates were 7 to 14 July, 21 July to 1 August, and 2 August

to 8 September 2017. A residency index (RIj) was used to quantify the

site fidelity of the reeffish to the AR area, which was defined as follows

(March et al., 2010; Alós et al., 2011):

RIj =
DDj

TDj

where DDj is the number of detected days for a tagged fish j and

TDj is the tracking days between the released date and the last

detected date within the receiver array. RIj varies from 0 (lowest,

completely absent) to 1 (highest, completely present) (Moxham

et al., 2019).

The home range was used to characterize the habitat use. Hence,

three measures of the home range were estimated for the tagged fish:

100% minimum convex polygon (100% MCP, i.e., based on 100% of

the observed fish positions), 95% kernel utilization distribution (95%

KUD, i.e., general activity area), and 50% KUD (i.e., core activity area)
A B C

FIGURE 3

Digital images of fish tagging process: (A) Acanthopagrus latus tagged with a Vemco V9 acoustic transmitter, (B) a curved needle used for tagging, and
(C) some tagged fish placed in the fresh seawater.
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(Alós et al., 2012), which were performed using the Arctoolbox in

Arcgis 10.8 software (ESRI Inc., Redlands, California, USA).
3 Results

3.1 Receiver detection range

The detection proportion declined significantly with increasing

distance between the range test transmitter and receiver (one-way

ANOVA, p < 0.05). The mean detection proportion per 20 min (mean

± SD) varied from a high of 81.1% ± 0.7% at 50 m to a low of 19.2% ±

4.2% at 400 m. The largest incremental decrease in detection

proportion was observed between 250 and 300 m. The logistic

regression model provides a satisfactory fit to the data (Hosmer and

Lemeshow test, p > 0.05), which indicated that 50% detection

probability was achieved at approximately 240 m and 80%

detection probability was achieved at approximately 110 m (Figure 4).
3.2 Site fidelity

During the tracking experiment, a total of 142,253 detections for

11 tagged fish were observed within the receiver array, ranging from

101 for fish #6 to 52,383 for #10 (Table 1). Fish showed a high site

fidelity to the AR area, and the mean RI was 0.85 ± 0.24. Three out of

11 tagged fish expressed moving behaviors. Three individuals (#2, #6,

and #7) left the study area but returned and stayed until the end of

the experiment. Two individuals (#3 and #5) left and returned to the

study area multiple times but ultimately stayed until the end of the

experiment (Table 1). The remaining individuals stayed in the study

area throughout the experiment (Figure 5).
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3.3 Habitat use range

A total of 35,963 positions were obtained for 11 tagged fish during

the tracking experiment. Fish #10 had the maximum number of

positions (9,590), but the positioning result of fish #6 was poor with

the minimum number of positions (63) (Table 1). Each fish occupied

a small range in the AR area (Figure 6). Habitat use range estimated

using the 100% MCP was between 337.45 m2 for fish #6 and

133,527.08 m2 for fish #1, with a mean value of 34,522.94 ±

35,548.95 m2; the 95% KUD was between 50.54 m2 for fish #6 and

4,925.45 m2 for fish #9, with a mean value of 1,467.52 ± 1,619.05 m2;

the 50% KUD was between 10.92 m2 for fish #7 and 1,009.64 m2 for

fish #9, with a mean value of 236.01 ± 294.59 m2.
FIGURE 4

Detection proportion profiles of the 1-h range test in experiment I.
Blue dots represent the observed detection proportion per 20 min
(n = 3). Red line represents the logistic curve.
TABLE 1 Summary of the data for 11 reef fish tagged with acoustic transmitters between July and September 2017, including fish ID, species name, total
length (TL), weight, released date, last detected date, detected days (DD), tracking days (TD), residency index (RI), number of (Num.) detections, and
number of (Num.) positions.

ID Scientific name TL
(mm)

Weight
(g)

Released
date

Last detected
date

DD
(d)

TD
(d)

RI Num. detec-
tions

Num. posi-
tions

#1 Lutjanus johnii 185 215 7 Jul. 8 Sept. 38 38 1.00 33,130 7,593

#2 L. johnii 200 225 7 Jul. 8 Sept. 23 38 0.61 2,906 2,641

#3 Epinephelus bleekeri 205 250 7 Jul. 8 Sept. 27 38 0.71 2,578 2,376

#4 E. bleekeri 204 250 21 Jul. 8 Sept. 30 30 1.00 7,260 2,592

#5 Acanthopagrus latus 213 200 21 Jul. 8 Sept. 27 30 0.90 8,212 1,278

#6 A. latus 205 195 21 Jul. 8 Sept. 6 30 0.20 101 63

#7 Acanthopagrus
schlegelii

255 305 21 Jul. 8 Sept. 28 30 0.93 4,221 2,881

#8 Lutjanus
erythropterus

240 280 21 Jul. 8 Sept. 30 30 1.00 7,168 2,458

#9 L. erythropterus 270 500 22 Aug. 8 Sept. 18 18 1.00 18,478 1,748

#10 L. johnii 203 250 22 Aug. 8 Sept. 18 18 1.00 52,383 9,590

#11 Lethrinus nebulosus 195 200 22 Aug. 8 Sept. 18 18 1.00 5,816 2,743
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4 Discussion

This was the first study to conduct a range test and fish tracking

using an acoustic telemetry system in the AR area of the northern

South China Sea. Through two experiments, we mastered the usage of

acoustic equipment and quantified the site fidelity and habitat use of
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fish. Our results showed the high site fidelity and small spatial scale

of habitat use for reef fish, which demonstrated that ARs were an

effective man-made structure for attracting fish. The present study

finally proved that acoustic telemetry can be successfully used to

evaluate the fish attraction effectiveness of ARs.

The key to the deployment of the acoustic telemetry system was

the receiver placement and transmitter attachment. Before the

receiver is placed, two common methods can be chosen for receiver

mooring. One is the concrete mooring (i.e., a concrete block base with

an embedded metal bar or polyvinyl chloride pipe), and another is

what the present study did. The receiver is moored at a depth of about

1 m from the bottom and needs to be retrieved by diving using the

first method (Whoriskey et al., 2019), whereas physical barriers can

obstruct the transmission of signals (Welsh et al., 2012; Mathies et al.,

2014). Given the height of ARs and the convenience of retrieval, our

study chose the second method. In addition, determining appropriate

receiver spacing by range test is essential prior to receiver placement.

Previous publications have highlighted that the receiver’s detection

range varies significantly over space and time and recommend that

acoustic telemetry studies need to perform in situ range tests (Kessel

et al., 2014). In our study, the range test results were different in

Experiment I (80% detection probability within 110 m) and

Experiment II (80% detection probability within 150 m), which

supports the above recommendation. This is likely due to the

bottom topography like ARs, but long-term range test with different

environmental factors (such as water depth, tied, and ambient noise)
FIGURE 6

Spatial plot of the habitat use range with the minimum convex polygon (100% MCP) and kernel utilization distribution (95% and 50% KUD) for 11 tagged
fish in the Fangchenggang artificial reef sea area. MCP, minimum convex polygon; KUD, kernel utilization distribution.
FIGURE 5

Plot of the daily presence–absence of 11 tagged reef fish between
July and September 2017. Red represents the released date, black
represents the detected date after the release, and gray represents the
date without deploying the receiver array.
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needs to be further studied for obtaining optimal receiver spacing. For

transmitter attachment, three main methods for tagging fish with

transmitters have been reported. Transmitters can be secured

externally, inserted into the stomach, and surgically implanted in

fish (Hussey et al., 2015). The study results from Dance et al. (2016)

indicated that external attachment of transmitters in fish was detected

significantly more than doing so for internal attachment and pointed

out that internal attachments may weaken the detection range. In

contrast, external attachments are easily performed and minimize

handling time. Therefore, our study used external attachment. The

result with no transmitter loss and no fish death in our study

suggested that external attachment of transmitters may be a

successful method for reef fish.

Fish site fidelity and habitat use range are two important

indicators to characterize the effectiveness of ARs. In this study,

most of the fish showed strong fidelity to the ARs with the mean RI

of 0.85 ± 0.24, except that of fish #6 (with RI of 0.2) was not

observed until 5 days before the end of the tracking experiment.

Although some fish left and returned to the study area during the

experiment (it is possible that they were exploring the

surroundings and searching for a place to live in), 11 fish (not

captured from the study area) stayed in the AR area at the end of

the experiment. However, on the contrary, Mitamura et al. (2005)

found that the released seabreams have homing behavior, as they

tend to return to the site where they were captured. The reason for

this difference is that it is possible that the AR area in this study

provides a favorable habitat for fish feeding and hiding. For habitat

use range, our results indicated that each fish occupied a range in

the AR area for living, but in general, it was a small spatial range.

This is similar to the findings in an army tank reef from Topping

and Szedlmayer (2011). Moreover, to avoid the effect of a typhoon,

the receivers were retrieved and connected to the computer to

obtain data. It is also advisable to download the data regularly

throughout the study to prevent data loss due to boat traffic or

bad weather.

The current approaches for evaluating the effectiveness of ARs

have limitations and represent only a snapshot of the complex AR

ecosystem (Brownscombe et al., 2022). Luckily, the acoustic

telemetry system can provide more continuous tracking for the

organisms in the AR area. Furthermore, the current approaches

require the contrast area for evaluating the effectiveness of ARs.

However, it is a challenge to identify a suitable contrast area; so, to

date, there is no scientific way to determine the spacing between the

AR area and the contrast area (Roni et al., 2018). The MCP in the

present study includes all the observed activity positions for each

fish in the AR area; the longest distance between the MCP points

may be the spacing between the AR area and contrast area, which

needs more kinds of reef fish to verify due to the significant MCP

differences. In fact, it is still a debate whether the ARs enhance fish

population or simply temporally attract fish aggregation (Pickering

and Whitmarsh, 1997; Brickhill et al., 2005). Even though the

capability of ARs in enhancing fish populations requires long-

term study, our study demonstrated that ARs can play a role in

attracting fish, including fish that did not originate from the ARs.

This information provides valuable contributions to stock

enhancement projects in selecting fish species and releasing sites;

i.e., priority should be given to the reef fish and AR area.
Frontiers in Marine Science 07
5 Conclusions

AR construction is expected to become more widely used for

maintaining sustainable coastal fisheries. However, it will be challenging

to evaluate the effectiveness of ARs, especially with current evaluation

approaches. Our study demonstrates that acoustic telemetry can be used

as a supplemental approach for evaluating the fish attraction effectiveness

of ARs. Meanwhile, this approach is also applicable to studies of other

organisms such as shrimp and crabs in the AR area. To better guide AR

construction and management, further research is needed to understand

the preferences of different reef fish for different AR types (concrete reefs

or boat reefs), shapes (cubic or cylindrical), sizes, and depths in the future.
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