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Abstract: Artificial reefs (ARs) have been advocated for and implemented as management tools
for recreational fisheries, species conservation, and habitat replacement; however, the research that
includes attracting marine species of floating ARs remains in its early stages. Here, two types of
floating ARs were designed to evaluate the attractive effects using the occurrence rate and attracting
index for six commercially important species (Lateolabrax maculatus, Liza haematocheila, Sebastes
schlegelii, Acanthopagrus schlegelii, Litopenaeus vannamei, and Amphioctopus fangsiao) in the Bohai Bay
of China; their combined ARs were meanwhile compared with two variants of artificial seagrass
beds (SA and SB) and the traditional double-frame artificial reef (TD). All of the designed ARs were
effective in attracting experimental species. The ARs with higher shelter areas (SB and TD) showed a
better attracting effect. The efficiency of the ARs in attracting different species depended on their
life histories. The bottom-mounted ARs were more efficient in attracting demersal species, while the
floating ARs attracted epipelagic fish. In addition, the combined reefs had a better attractive effect
than single ARs did. Overall, floating ARs and their combined ARs show the potential to deploy
especially for attracting epipelagic fishes, although further study is needed.

Keywords: floating artificial reef; tank-scale attracting experiment; effectiveness evaluation

Key Contribution: The floating artificial reefs were attractive to epipelagic fishes, and floating
artificial reefs, as well as their combinations with bottom reefs, have the potential to reconstruct
marine habitats.

1. Introduction

Marine fisheries are a critical global food supply element and are significant for
many countries and regions [1]; however, many marine species, habitats, and ecosystems
have suffered catastrophic declines [2–4] due to increased pollution, the development
and hardening of coastlines, the extraction of resources, and the introduction of invasive
species [5–9].

Constructing artificial reefs (ARs) is a viable solution for the deteriorating marine
species, their habitats, and ecosystems [9,10]. ARs have been used to attract fish from
surrounding habitats in addition to serving as a management tool for stock protection and
enhancing fishery resources by providing alternative adult habitats and juvenile nursery as
well as spawning ground habitats [11–13]; however, the success of the deployment of ARs
depended on their physical properties, such as configuration, material composition, shelter,
shading offering, and the effectiveness on attracting marine fish [14,15].
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In recent decades, millions of dollars have been spent worldwide on designing and
building ARs in order to improve their functions [16,17]; however, deployed bottom ARs
have better recovery and proliferation effectiveness with regard to demersal fishes, oysters,
and sea cucumbers than epipelagic fishes [18,19]. Epipelagic fishes and their habitats
may have been neglected in biological restorations using ARs. Floating ARs are a feasible
method for building artificial structures floating in the water [20]. They can potentially use
marine space and display excellent antiwave as well as current performance, less constraint
on seabed geology, and a feasible arrangement mode of multireef groups [21]; however,
the research on the use of floating ARs to restore the ecological environment was still in its
initial stage. Furthermore, there are gaps in evaluating the materials, configurations, and
attraction effectiveness of floating ARs, which requires proper research.

The most common reef material is concrete [22], which has a stable structure, chemical
properties, and service durability [10,23]; however, over time, ARs, such as concrete, can
become immersed in sediment sand and become ineffective [24]. Additionally, transporta-
tion difficulties and the installation of large and heavy ARs hindered the construction of
high-rise and floating ARs. Recently, plastic-based materials, such as polyvinyl chloride
(PVC) and polypropylene (PP), have shown the potential of constructing high-rise ARs
and keeping the reefs elastic with easy installation, lightweight, and with comparable
durability [25–27]; however, the studies on ARs using flexible materials and their perfor-
mance assessment are relatively few.

Successful deployment showed that complex ARs could directly increase the availabil-
ity of vital resources, such as food and shelter, and mediate biological interactions [28–31].
ARs with more shelter and shading supported higher fish abundance and diversity [32,33].
Studies have demonstrated that certain fish species prefer vertical terrain, and that this
preference is correlated with greater fish numbers [34,35]. Floating Ars can be combined
with bottom ARs to create the possibility for vertical and complex habitats. Nevertheless,
there is no precedent for this, and no research has been carried out on their potential to
attract and recover marine fish.

Approximately 50% of AR performance review case studies found evidence of success-
ful outcomes after deployment [36]. Deployments frequently disregard the specific habitat
requirements of local marine species and the degree to which they consider such areas
viable habitats [36]. Before deploying ARs, selecting local marine fishes with which to con-
duct ecological attracting experiments is necessary to achieve the expected ecological and
economic advantages; however, the present experiment’s choice of experimental species
and AR types is limited and deficient in systematics and sustainability [37]. Additionally, it
is unclear how to configure the artificial reef types and combinations for different target
organisms in order to achieve the best results. To provide guidelines for deploying and
researching ARs, especially floating ARs, it is necessary to mimic the natural environmental
conditions in the laboratory and perform systematic, qualitative, and quantitative research
on multispecies and multi-AR ecological attraction.

In this study, we developed two types of floating ARs and two types of bottom ARs
through the use of PP materials. The performance of the floating ARs and combined
ARs was evaluated through the use of six typical economic species in the Bohai Bay. The
objective was to determine how different AR configurations, especially floating ARs, affect
the attracting effect of marine species.

2. Materials and Methods
2.1. Experiments

Experiments were conducted in an indoor aquaculture tank from July to September 2021.
The pond measured 6 m by 4 m by 1.5 m and was coated in cement as well as weatherproof
paint. The temperature was set at 25 ◦C, and the water depth was kept at 1.0 and 1.2 m.

We selected 6 representative economic species (Table 1) in Bohai Bay according to
fishery data from the Ministry of Agriculture and Rural Affairs of China. These species
included two epipelagic fishes (Lateolabrax maculatus and Liza haematocheila), two demersal
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fishes (Sebastes schlegelii and Acanthopagrus schlegelii), Litopenaeus vannamei, and Amphioc-
topus fangsiao. L. vannamei was a substitute for Penaeus orientalis, which was scarce in the
Bohai Sea and difficult to keep alive after catching, and was the same family (Penaeidae)
with a similar appearance and habits. The Tianjin Fishery Research Institute provided all of
the experimental species. Prior to the experiment, the species were temporarily raised in
tanks for at least 72 h. The reefs were also placed into the tank to adapt to the environment
and avoid stress; each time, 30 healthy species were used in the experiment.

Table 1. Characteristics of experimental species (n = 30).

Species Age Length (cm) Weight (g) Source Note

Lateolabrax maculatus Juvenile 12.56 ± 0.78 94.45 ± 5.35

Breed aquatics

Epipelagic fishes
Liza haematocheila Juvenile 4.26 ± 0.77 1.56 ± 1.47
Sebastes schlegelii Juvenile 6.26 ± 0.84 14.18 ± 3.26

Demersal speciesAcanthopagrus schlegelii Juvenile 5.37 ± 0.32 8.54 ± 0.85
Litopenaeus vannamei Juvenile 12.88 ± 2.24 11.49 ± 1.58
Amphioctopus fangsiao Juvenile 18.38 ± 4.26 157.36 ± 32.70 Netted

Four ARs (Figure 1a), i.e., floating AR Type A (FA), floating AR Type B (FB), artificial
seagrass bed Type A (SA), and artificial seagrass bed Type B (SB), were designed and
assembled via the use of PP woven ropes. Buoys were installed to cause the ARs to float
straight. FA was a semi-closed hollow square structure surrounded by artificial seaweed.
FB was an open square structure arranged with artificial seaweed in parallel. SA and SB
had the same amount of artificial seaweeds, but SB was arranged more closely. In addition,
one traditional double-layer frame reef (TD), made from high-density PVC, was used as
the common AR for comparison.
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Figure 1. Configurations of artificial reefs (ARs) and the layout of the experimental tank. (a) ARs:
FA (floating artificial reef Type A), FB (floating artificial reef Type B), SA (artificial seagrass bed
Type A), SB (artificial seagrass bed Type B), and TD (traditional double reef). (b) Layout chart of the
experimental tank. The area surrounded by dotted lines was the image capture area.
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Single-AR tests for the FA, FB, SA, SB, and TD (Experiment I), as well as combined
AR experiments for six combined ARs (FA + TD, FB + TD, FA + SA, FA + SB, and FB + SB)
(Experiment II), were performed in two separate groups (Figure 2). The control without
any ARs was set under the same conditions. Six species were designed into the attraction
experiments for each AR model; however, only one species and one AR model were
involved in each tank, rather than putting all six species into a tank, as there could be
an invisible predatory relationship. A total of 72 groups of experiments on 6 experimental
organisms were conducted, including 30 groups in Experiment I, 36 groups in Experiment II,
and 6 groups of control experiments. At the beginning of the experiments, the AR model was
placed in the center of each tank, and the experimental species (30 tails) were then placed.
Cameras were used to record the behavior of the organisms. There was no feeding or aeration
during the day, and these were conducted at night. After each group of experiments, the
experimental water, AR models, and experimental individuals were replaced.
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bed Type A), SB (artificial seagrass bed Type B), and TD (traditional double reef).
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The experimental tank layout is shown in Figure 1b. Three submersible pumps were
installed to generate water flow to simulate the ocean current. The designed flow velocity
was set as the average flow velocity of 35.7 ± 0.49 m/s in the Bohai Bay [38]. High-definition
underwater cameras (GW0108CD, Shenzhen Meiyijia Electronic Technology Co., Ltd. of
China, Shenzhen, China) were used to observe and record species distribution during the
experiment. One high-definition camera was set at 1.5 m above the water surface, and two
high-definition underwater cameras were set at 1.5 m from the reef on the opposite side.
The images recorded by the cameras were transmitted through a cable to the recording
machine. A computer was used for real-time observation and recording in the monitoring
room. The recording time for each experiment was 1.5 days, and the image capture time was
from 9:00 to 11:00 and from 14:00 to 16:00 daily. Each experiment evaluated the attracting
effect based on the 6 h of video. The experiments were conducted under natural light, but
LED lamps ensured light intensity.

2.2. Data Analysis

The evaluation of the attracting effect of ARs was based on the 6 h of images segmented
by an interval of 1 min through the use of MATLAB. A total of 360 images were captured
for each experiment. The number of organisms in the ARs in each image (n) was recorded.

The average occurrence rate (R, %) was defined as follows:

R =
∑m

i=1 ni

mk
× 100 (1)

where ni is the occurrence number of species in the reef area for image i, m is the total
captured image number (m = 360), and k is the experimental species number (k = 30).

The attracting efficiency index (I) was also defined as the ratio of the average occur-
rence rate (R) of the experimental species to the volume (V) of the experimental ARs [39]:

I = R/V (2)

where I is the attracting efficiency index, R is the average occurrence rate, and V is the
volume of the experimental ARs. The larger I is, the better the attractive effect of ARs.

All of the data were expressed as mean ± standard deviation, and SPSS 20.0 was
used to compare species and AR configuration differences via an ANOVA. The Bonferroni
method was used for pairwise comparison to correct p-values; p < 0.05 was considered
statistically significant.

3. Results
3.1. Attracting Effect of Single ARs

Figure 3a shows the attracting efficiency index (I) for different single ARs (Table A1).
Generally, the attracting effect of AR types on species showed significant differences
(p < 0.05). All of the tested ARs showed attractive effects compared to the control group,
and the effects varied based on the ARs and species (Figure 3a, Table A1). Most ARs
effectively attracted L. maculatus and A. fangsiao (Figure 3a, Table A1); however, most ARs
had marginally attractive effects on A. schlegelii and L. vanamei (Figure 3a, Table A1). FB and
SB had the best attracting effects for L. haematocheila and S. schlegelii, respectively (Figure 3a,
Table A1). SB and TD had relatively good attracting effects for most species (Figure 3b).

3.2. Attracting Effect of Combined ARs

As shown in Figure 3c, all of the combined ARs showed a higher attracting efficiency
index (I) than the control (Table A1). The attracting effect of combined AR types on species
showed significant differences (p < 0.05). The different attractive properties of the combined
ARs varied according to the species and kind of reef (Figure 3c, Table A1). For the majority
of species, FB + SB demonstrated acceptable attractive properties (Figure 3c, Table A1).
The I value of FB + TD for L. maculatus was the highest (Figure 3c, Table A1). FB + SB
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had the best attracting effects for L. haematocheila, S. schlegelii, and A. schlegelii (Figure 3c,
Table A1). FA + SA and FA + TD had the best attracting effects for L. vannamei and A.
fangsiao, respectively (Figure 3c, Table A1).

Fishes 2023, 8, x FOR PEER REVIEW  7  of  14 
 

 

 

Figure 3. (a) Attracting efficiency index (I) of five artificial reefs (ARs). The ARs include FA (floating 

artificial reef Type A), FB  (floating artificial reef Type B), SA  (artificial seagrass bed Type A), SB 

(artificial seagrass bed Type B), and TD  (traditional double reef). Blank was  the control.  (b) The 

attracting effect of each AR, the vertical coordinate, was the sum of I standardized. (c) Attracting 

efficiency index of six combined ARs. (d) Average occurrence rate of test species on single ARs and 

combined ARs. Lowercase letters had the same meaning as (a). For the letters on each data bar, if 

no same letter can be found on two data bars, the difference between the two data is statistically 

significant  (p  <  0.05);  otherwise,  the  difference  between  two  compared  data  is  not  statically 

significant. p‐values were corrected by the Bonferroni method. 

3.2. Attracting Effect of Combined ARs 

As shown in Figure 3c, all of the combined ARs showed a higher attracting efficiency 

index (I) than the control (Table A1). The attracting effect of combined AR types on species 

showed  significant  differences  (p  <  0.05).  The  different  attractive  properties  of  the 

combined ARs varied according to the species and kind of reef (Figure 3c, Table A1). For 

the majority of species, FB + SB demonstrated acceptable attractive properties (Figure 3c, 

Table A1). The I value of FB + TD for L. maculatus was the highest (Figure 3c, Table A1). 

FB + SB had  the best attracting effects  for L. haematocheila, S.  schlegelii, and A. schlegelii 

(Figure 3c, Table A1). FA + SA and FA + TD had the best attracting effects for L. vannamei 

and A. fangsiao, respectively (Figure 3c, Table A1). 

4. Discussion 

4.1. Influence of Species Ecology 

The design of ARs should consider  the  targeted speciesʹ biological needs, such as 

offering  shelter  to  adults,  eggs,  or  larvae  [40].  The  observed  differences  in  attracting 

Figure 3. (a) Attracting efficiency index (I) of five artificial reefs (ARs). The ARs include FA (floating
artificial reef Type A), FB (floating artificial reef Type B), SA (artificial seagrass bed Type A), SB
(artificial seagrass bed Type B), and TD (traditional double reef). Blank was the control. (b) The
attracting effect of each AR, the vertical coordinate, was the sum of I standardized. (c) Attracting
efficiency index of six combined ARs. (d) Average occurrence rate of test species on single ARs and
combined ARs. Lowercase letters had the same meaning as (a). For the letters on each data bar, if
no same letter can be found on two data bars, the difference between the two data is statistically
significant (p < 0.05); otherwise, the difference between two compared data is not statically significant.
p-values were corrected by the Bonferroni method.

4. Discussion
4.1. Influence of Species Ecology

The design of ARs should consider the targeted species’ biological needs, such as
offering shelter to adults, eggs, or larvae [40]. The observed differences in attracting
different ARs (Figure 3a) might be related to the ecological habits of the species. The
experimental species’ community ecology may have influenced their behavior of clustering
or dispersing into the tested reef.

The target species’ life cycle was essential for deploying ARs. L. haematocheila is a
eurytherm and euryhaline fish that prefers to be scattered in shallow coastal waters [41,42].
Because of their photosensitivity, their young fish avoid reef settings. Hence, the floating
ARs attracted L. haematocheila better than other reefs did. Some demersal fishes tend to
move in a large group. S. schlegelii and A. schlegelii prefer rocky sea habitats and dwell in
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concealed as well as shadowy places. A. fangsiao uses coral reefs and rocks as burrowing and
hiding habits [43]. This being the case, they had a higher I value in SB and TD than other
species. L. vannamei’s natural habitat is muddy seafloor, and they are nocturnal. Except
for SB, the ARs showed low attractivity for L. vannamei in light-exposed experimental
conditions. In addition, individual body sizes influence the attractive effect. The I value of
L. maculatus was significantly higher among the four fishes. The value might be explained
by L. maculatus individuals being larger than other fishes, their gonads tending to be larger
when they first mature, and the reef’s strong ability to draw in huge fishes [44].

4.2. Influence of ARs’ Configuration

The ARs’ configuration is the key factor in influencing the attraction effect. Studies
have shown that artificial materials’ microstructure complexity and durability can strongly
influence attraction [3]. More complex structures attracted more species [45,46]. Five kinds
of individual ARs were put into the laboratory tank. Their attraction to the tested organisms
mainly depended on the reef’s internal space area and shadow area. In this study, SB and
TD had the best effectiveness in the single-AR attracting experiment compared to other
reef types. The attraction was because SB had a large specific surface area and a close
arrangement of artificial seagrass, which provided good coverage and a more shaded area.
TD was open on both sides and had a roof structure, allowing species to shuttle and gather
(Figure 3b); however, the attractive effect of SA was lower than that of SB and TD. The
sparse arrangement of artificial seagrass in SA produced less concealed space with a worse
covering effectiveness than in SB, although the number of artificial seagrasses in SA and SB
was the same.

FA and FB were less effective than the other reef types and they had similar attractive
effects on the test species (Figure 3a,b), most likely a result of the fact that FA and FB did
not offer as much shadow area as SB and TD did and were situated in the upper water
body with high light intensity. Even so, they had better attractive effects on epipelagic fish,
such as L. haematocheila, but poorer attractive effects on species with negative phototropism,
such as S. schlegelii. Due to the limited effective space and depth of water, the floating ARs
may be unable to exert their full function and be insufficient in providing effective shelter
for demersal fishes. The limitations of water depth and pool space not only affected the
effectiveness of the artificial reef we designed but may also have an impact on the organisms.
For example, the shallow water depth may have an impact on the behavior of benthic fish,
shrimp, and A. fangsiao adapted to the dim and dark environment of the bottom, driving
them to seek other shelter or gather around the tank. In addition, the attracting effect of FA
was weaker than that of FB (Figure 3a,b), which may be concerned with their structural
differences. FA was a semi-enclosed structure that surrounded artificial seaweeds on the
side and had a hollow interior, making it impossible for organisms entering the FA to find
shelter inside. FB was open on both sides to facilitate the swimming of organisms, and
there were artificial seaweeds that provided shelter inside.

Our results indicated that the attractive effects of AR types on the tested species were
significantly different (p < 0.05); however, pairwise comparisons using the Bonferroni
method showed that not all configurations differed significantly in their attracting effect
(Figure 3a). In other words, there was no significant difference between the false-positive
results based on the degree of similarity between specific AR configurations and the attrac-
tive power of the studied species. For instance, all bottom reefs attracted L. haematocheila
similarly, while SB and TD had the same impact on S. schlegelii.

Nevertheless, the significant differences (p < 0.05) between the five ARs in attracting ex-
perimental species reflected the differences in species habitat selection. Five ARs simulated
two different habitat types. The seagrass beds (SA and SB) and the traditional reef (TD)
indicated the bottom layer of the ocean substitute for habitat. In contrast, the floating reefs
(FA and FB) represented the middle and upper layers. Only the bottom ARs were studied
and included in the comparisons with other research (Figure 4); however, the results reveal
that while bottom ARs had better effectiveness in attracting other species, floating ARs had
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superior effectiveness for attracting epipelagic fish. The attraction might be a combination
of life history and configuration; the experimental species were inclined to choose habitats
that met their life history habits. Given the greater availability of shelter space, complex
seabed structures with small niches may be more attractive than floating reefs for species
that prefer reef habitats [47,48]. The floating reefs may provide a middle-to-upper level of
refuge and food for epipelagic fish [49].

Fishes 2023, 8, x FOR PEER REVIEW  9  of  14 
 

 

results  based  on  the degree  of  similarity  between  specific AR  configurations  and  the 

attractive  power  of  the  studied  species.  For  instance,  all  bottom  reefs  attracted  L. 

haematocheila similarly, while SB and TD had the same impact on S. schlegelii. 

Nevertheless, the significant differences (p < 0.05) between the five ARs in attracting 

experimental  species  reflected  the  differences  in  species  habitat  selection.  Five  ARs 

simulated two different habitat types. The seagrass beds (SA and SB) and the traditional 

reef (TD)  indicated the bottom  layer of the ocean substitute for habitat. In contrast, the 

floating reefs (FA and FB) represented the middle and upper layers. Only the bottom ARs 

were studied and included in the comparisons with other research (Figure 4); however, 

the  results  reveal  that while  bottom ARs  had  better  effectiveness  in  attracting  other 

species,  floating  ARs  had  superior  effectiveness  for  attracting  epipelagic  fish.  The 

attraction might  be  a  combination  of  life  history  and  configuration;  the  experimental 

species were inclined to choose habitats that met their life history habits. Given the greater 

availability of shelter space, complex seabed structures with small niches may be more 

attractive than floating reefs for species that prefer reef habitats [47,48]. The floating reefs 

may provide a middle‐to‐upper level of refuge and food for epipelagic fish [49].   

 

Figure 4. The average occurrence rate of experimental species on floating artificial reefs (ARs) and 

bottom ARs, in addition to a comparison with other studies. 

4.3. Would the Combined ARs Be Better? 

We  compared  the  attracting  effects  of  various  combinations  of  floating ARs  and 

bottom ARs on experimental species. Except for L. haematocheila, the attractive effects of 

all configurations had significant differences (p < 0.05), demonstrating that various vertical 

assemblage structures had different attractive effects on the tested species. In totality, FA 

+ SA and FB + SA had fewer attracting effects on species, which may be related  to  the 

sparse  arrangement  of  artificial  seaweed  in  SA.  It  produced  less  hidden  space  and 

covering effectiveness, resulting in weaker attracting effects of these compared to other 

reef types, which was the same as the conclusion obtained above. Additionally, FB + SB 

and FB + TD had a better attracting effect on the tested species than other combination 

modes did (Figure 3c), the same as the attracting effect of single ARs above. FB was better 

than FA, while SB and TD had the best single‐reef attracting effect. Naturally, these two 

combinations, supporting more shelter and space, had the best attracting effects. Pairwise 

Figure 4. The average occurrence rate of experimental species on floating artificial reefs (ARs) and
bottom ARs, in addition to a comparison with other studies.

4.3. Would the Combined ARs Be Better?

We compared the attracting effects of various combinations of floating ARs and
bottom ARs on experimental species. Except for L. haematocheila, the attractive effects of all
configurations had significant differences (p < 0.05), demonstrating that various vertical
assemblage structures had different attractive effects on the tested species. In totality,
FA + SA and FB + SA had fewer attracting effects on species, which may be related to
the sparse arrangement of artificial seaweed in SA. It produced less hidden space and
covering effectiveness, resulting in weaker attracting effects of these compared to other
reef types, which was the same as the conclusion obtained above. Additionally, FB + SB
and FB + TD had a better attracting effect on the tested species than other combination
modes did (Figure 3c), the same as the attracting effect of single ARs above. FB was better
than FA, while SB and TD had the best single-reef attracting effect. Naturally, these two
combinations, supporting more shelter and space, had the best attracting effects. Pairwise
comparisons using the Bonferroni method (Figure 3c) revealed that all of the combinations
on L. haematocheila generated poor and insignificant attractive results. This is probably
because of their propensity to underuse vertical combinations because juvenile fish have a
light tropism characteristic.

Complex and sheltered ARs can attract more marine organisms. We examined the at-
tractive effects of combined and single ARs (Figure 3d). The combined ARs were marginally
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better (7.71%, N = 36) than the single ARs (7.25%, N = 30), but there was no difference in
the Wilcoxon signed-rank test results (Z = −0.586, p = 0.558 > 0.05). As a result, although
similar to the single ARs, the combined ARs showed the desired attracting effect. The
complex and integrated pulling power of ARs relied on how effectively the habitat served
as a place for species to find food, shelter, and spawning grounds [50,51]. We conjectured
that the size of the tank and the combined AR model might be limited. The tank had
attained saturation with the 30 species added when the ARs were the specified size. Other
juveniles who could not access the reef area collected in the shadow region outside the reef
area due to the territorial behavior displayed by juveniles in the reef area to drive away
other juveniles who attempted to enter their territory. In addition, species followed their
life histories. The epipelagic fishes cautiously visited the upper habitats, and the bottom
fishes cautiously caught the upper habitats.

Our comparison indicated that the combination of floating ARs and bottom ARs
may be more attractive to marine species. Coupled floating ARs may be utilized as a
workaround for attracting different species in the ocean, since they can ensure integrated
habitats for demersal and phototactic species; however, the use of floating ARs and their
combinations in ecological restoration is still in its infancy. The design of floating ARs
originated from fish aggregation devices (FADs), which have been used for many years [52];
however, FADs are used to aggregate fish quickly to make it simpler for fishermen to
catch them. In contrast to FADs, floating artificial reefs should be monitored over a larger
region and for a longer length of time to benefit fish populations and improve productivity.
Additionally, many coastal countries in the world have constructed marine pastures and
placed a large number of ARs, of which the vast majority were bottom ARs. Due to their
limited height, the impact on the waters above the ARs may be relatively insufficient, and
ARs were unable to fully utilize the entire water space. In order to improve comprehensive
and three-dimensional development, it may be a considerable practice to combine bottom
ARs in conjunction with floating ARs and jointly release them; it has been established that
the combination of floating and bottom reefs complimented one another and impacted
comprehensive usage [21].

Building the combined ARs was effective, and the combination configuration, which
offers additional refuge capacity, may enhance species abundance, as proven in previous
studies. We studied the attractive effect of ARs on six species in tanks, but the results
may not be the same as those of ARs placed in the sea, which tended to have a higher
abundance of species. ARs were not limited to providing shelter but also reasonable
feeding and spawning grounds. Fish ecology in reef fisheries showed that fish gathering
was closely related to baiting and escape behavior [53]. It is primarily bait density, possible
exit points, and the need for bait that influence how species behave around the reef [54].
Additionally, the composition of benthic communities that settle on artificial reefs can
strongly influence reef attraction [3]. Due to the significant difference in the artificial bait
from the species’ actual diet and the fact that casting bait would not have the desired
attracting effect in the sea, this experiment did not cast bait in the reef area. Moreover,
by boosting spawning success and early life stage survival rates, the creation of ARs is
anticipated to promote the objective of species recovery [40]. According to studies, artificial
reefs can serve as spawning enhancement tools by enticing adult fish to spawn and creating
favorable conditions for successful egg deposition, hatching, and larval emergence [50,55].
In the future, we will focus on integrating novel flexible ARs and traditional reefs into the
water, observing and collecting samples of the eggs and organisms around, inside, and
attached to ARs using diving observation, underwater photography, fishing, and other
techniques with which to investigate the actual attracting of ARs and provide a reference
for the design and placement of ARs as well as the development of marine ranching.

5. Conclusions

In this study, all of the designed ARs effectively attracted the six experimental species.
The ARs with higher shelter areas showed a better attracting effect. The effectiveness of the
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ARs in attracting different species depended on their life histories. The bottom ARs were
more effective for the demersal species, and the floating ARs were effective for epipelagic
fishes. In addition, for the six experimental species, the attracting effect of the combined
floating ARs was slightly better than that of the single ARs. This study could not evaluate
other attractive effects, such as hunting and egging, because of the time and size limitations.
The minimal impact, including the shelter effectiveness, can be said to be attractive. In
general, floating ARs and their combined ARs have the potential to use maritime space
better, although this area still needs further study.
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Appendix A

Table A1. Attracting efficiency index of five artificial reefs (ARs) and six combined ARs. The ARs
include FA (floating artificial reef Type A), FB (floating artificial reef Type B), SA (artificial seagrass
bed Type A), SB (artificial seagrass bed Type B), and TD (traditional double reef). Blank was the
control. All data were expressed as mean ± standard deviation (n = 360).

ARs
Species L. maculatus L. haematocheila S. schlegelii A. schlegelii L. vannamei A. fangsiao

Blank 0.086 ± 0.013 0.084 ± 0.022 0.057 ± 0.007 0.067 ± 0.011 0.024 ± 0.005 0.068 ± 0.008
FA 1.229 ± 0.082 0.466 ± 0.084 0.176 ± 0.012 0.134 ± 0.017 0.076 ± 0.010 0.357 ± 0.014
FB 0.815 ± 0.066 0.834 ± 0.110 0.133 ± 0.010 0.136 ± 0.012 0.120 ± 0.012 0.226 ± 0.012
SA 0.523 ± 0.026 0.420 ± 0.052 0.472 ± 0.016 0.170 ± 0.010 0.043 ± 0.005 0.526 ± 0.015
SB 0.928 ± 0.046 0.216 ± 0.047 0.542 ± 0.013 0.228 ± 0.018 0.481 ± 0.016 1.343 ± 0.021
TD 2.254 ± 0.081 0.232 ± 0.041 0.397 ± 0.014 0.256 ± 0.010 0.049 ± 0.007 1.464 ± 0.025

FA + SA 0.342± 0.027 0.187 ± 0.028 0.238 ± 0.008 0.103 ± 0.006 0.189 ± 0.007 0.138 ± 0.003
FB + SA 0.478 ± 0.029 0.086 ± 0.021 0.120 ± 0.007 0.108 ± 0.006 0.037 ± 0.005 0.140 ± 0.003
FA + SB 0.558 ± 0.026 0.137 ± 0.028 0.417 ± 0.015 0.110 ± 0.008 0.048 ± 0.009 0.376 ± 0.006
FB + SB 0.827 ± 0.047 0.220 ± 0.035 0.528 ± 0.025 0.180 ± 0.010 0.129 ± 0.008 0.211 ± 0.005
FA + TD 0.500 ± 0.031 0.157 ± 0.030 0.398 ± 0.010 0.160 ± 0.011 0.157 ± 0.010 0.512 ± 0.003
FB + TD 1.154 ± 0.034 0.133 ± 0.033 0.264 ± 0.011 0.116 ± 0.010 0.049 ± 0.005 0.442 ± 0.007

References
1. Hilborn, R.; Amoroso, R.O.; Anderson, C.M.; Baum, J.K.; Ye, Y. Effective fisheries management instrumental in improving fish

stock status. Proc. Natl. Acad. Sci. USA 2020, 117, 2218–2224. [CrossRef] [PubMed]
2. Jeremy, B.C.J.; Michael, X.K.; Wolfgang, H.B.; Karen, A.B. Historical overfishing and the recent collapse of coastal ecosystems.

Science 2001, 293, 629–637. [CrossRef]
3. Leonard, C.; Hédouin, L.; Lacorne, M.C.; Dalle, J.; Lapinski, M.; Blanc, P.; Nugues, M.M. Performance of innovative materials as

attracting substrates for coral restoration. Restor. Ecol. 2022, 30, e13625. [CrossRef]
4. McCauley, D.J.; Pinsky, M.L.; Palumbi, S.R.; Estes, A. Marine defaunation: Animal loss in the global ocean. Science 2015, 347,

1255641. [CrossRef]
5. Dafforn, K.A.; Mayer-Pinto, M.; Morris, R.L.; Waltham, N.J. Application of management tools to integrate ecological principles

with the design of marine infrastructure. J. Environ. Manag. 2015, 158, 61–73. [CrossRef]

https://doi.org/10.1073/pnas.1909726116
https://www.ncbi.nlm.nih.gov/pubmed/31932439
https://doi.org/10.1126/science.1059199
https://doi.org/10.1111/rec.13625
https://doi.org/10.1126/science.1255641
https://doi.org/10.1016/j.jenvman.2015.05.001


Fishes 2023, 8, 248 11 of 12

6. Halpern, B.S.; Walbridge, S.; Selkoe, K.A.; Kappel, C.V. A global map of human impact on marine ecosystems. Science 2008, 319,
948–952. [CrossRef]

7. Seto, K.C.; Güneralp, B.; Hutyra, L.R. Global forecasts of urban expansion to 2030 and direct impacts on biodiversity and carbon
tanks. Proc. Natl. Acad. Sci. USA 2012, 109, 16083–16088. [CrossRef]

8. Sih, A.; Ferrari, M.C.O.; Harris, D.J. Evolution and behavioural responses to human-induced rapid environmental change. Evol.
Appl. 2011, 4, 367–387. [CrossRef]

9. Duarte, C.M.; Agusti, S.; Barbier, E.; Britten, G.L.; Castilla, J.C. Rebuilding marine life. Nature 2020, 580, 39–51. [CrossRef]
10. Komyakova, V.; Chamberlain, D.; Jones, G.P.; Swearer, E.S. Assessing the performance of artificial reefs as substitute habitat for

temperate reef fishes: Implications for reef design and placement. Sci. Total Environ. 2019, 668, 139–152. [CrossRef]
11. Folpp, H.R.; Schilling, H.T.; Clark, G.F.; Lowry, M.B.; Maslen, B. Artificial reefs increase fish abundance in habitat-limited estuaries.

J. Appl. Ecol. 2020, 57, 1752–1761. [CrossRef]
12. Komyakova, V.; Swearer, S.E. Contrasting patterns in habitat selection and attracting of temperate reef fishes among natural and

artificial reefs. Mar. Environ. Res. 2019, 143, 71–81. [CrossRef]
13. Layman, C.A.; Allgeier, J.E.; Montaña, C.G. Mechanistic evidence of enhanced production on artificial reefs: A case study in a

Bahamian seagrass ecosystem. Ecol. Eng. 2016, 95, 574–579. [CrossRef]
14. Yanovski, R.; Abelson, A. Structural complexity enhancement as a potential coral-reef restoration tool. Ecol. Eng. 2019, 132, 87–93.

[CrossRef]
15. Nozawa, Y.; Tanaka, K.; Reimer, J.D. Reconsideration of the surface structure of settlement plates used in coral attracting studies.

Zool. Stud. 2011, 50, 53–60. Available online: http://zoolstud.sinica.edu.tw/Journals/50.1/53.pdf (accessed on 10 October 2022).
16. Ramm, L.A.W.; Florisson, J.H.; Watts, S.L.; Becker, A.; Tweedley, J.R. Artificial reefs in the Anthropocene: A review of geographical

and historical trends in their design; purpose; and monitoring. Bull. Mar. Sci. 2021, 97, 699–728. [CrossRef]
17. Reis, B.; Linden, P.; Pinto, I.S.; Almada, E.; Borges, M.T. Artificial reefs in the North-East Atlantic area: Present situation,

knowledge gaps and future perspectives. Ocean Coast. Manag. 2021, 213, 105854. [CrossRef]
18. Wang, X.; Feng, J.; Lin, C.; Liu, H.; Chen, M.; Zhang, Y. Structural and Functional Improvements of Coastal Ecosystem Based on

Artificial Oyster Reef Construction in the Bohai Sea, China. Front. Mar. Sci. 2022, 9, 829557. [CrossRef]
19. Xu, M.; Qi, L.; Zhang, L.; Zhang, T.; Yang, H.; Zhang, Y. Ecosystem attributes of trophic models before and after construction of

artificial oyster reefs using Ecopath. Aquacult. Environ. Interac. 2019, 11, 111–127. [CrossRef]
20. Howe, J.C. Artificial Reef Evaluation with Application to Natural Marine Habitats. Fish Res. 2003, 63, 297–298. [CrossRef]
21. Pan, Y.; Tong, H.H.; Wei, D.; Xiao, W.; Xue, D. Review of Structure Types and New Development Prospects of Artificial Reefs in

China. Front. Mar. Sci. 2022, 9, 853452. [CrossRef]
22. Vivier, B.; Dauvin, J.C.; Navon, M.; Rusig, A.M.; Claquin, P. Marine artificial reefs; a meta-analysis of their design; objectives and

effectiveness. Glob. Ecol. Conserv. 2021, 27, e01538. [CrossRef]
23. Chen, H.Y.; Li, W.; Chen, P.M.; Zhang, H.Y.; Lin, J.X. The Corrosion Resistance Properties and Precipitate of Common Artificial

Reef Materials. Adv. Mater. Res. 2011, 197–198, 8–12. [CrossRef]
24. Wu, Z.X.; Tweedley, J.; Loneragan, N.R. Artificial reefs can mimic natural habitats for fish and macroinvertebrates in temperate

coastal waters of the Yellow Sea. Ecol. Eng. 2019, 139, 105579. [CrossRef]
25. Delgadillo-Garzón, O.; García, C.B.; Correa, J. Temporal dynamics of fishes assemblages on two artificial reefs in Morrosquillo

Gulf; Colombian Caribbean. Actual. Biol. Medellin. 2004, 26, 219–230.
26. Mallela, J.; Milne, B.C.; Martinez-Escobar, D. A comparison of epibenthic reef communities settling on commonly used experi-

mental substrates: PVC versus ceramic tiles. J. Exp. Mar. Biol. Ecol. 2017, 486, 290–295. [CrossRef]
27. Pan, Y.; Tong, H.; Zhou, Y.; Liu, C.; Xue, D. Numerical Simulation Study on Environment-Friendly Floating Reef in Offshore

Ecological Belt under Wave Action. Water 2021, 13, 2257. [CrossRef]
28. Almany, G.R. Does increased habitat complexity reduce predation and competition in coral reef fish assemblages? Oikos 2004,

106, 275–284. [CrossRef]
29. Behrents, K.C. The influence of shelter availability on attracting and early juvenile survivorship of Lythrypnus dalli Gilbert Pisces:

Gobiidae. J. Exp. Mar. Biol. Ecol. 1987, 107, 45–59. [CrossRef]
30. Ford, J.R.; Swearer, S.E. Two’s company; three’s a crowd: Food and shelter limitation outweigh the benefits of group living in a

shoaling fish. Ecology 2013, 94, 1069–1077. [CrossRef]
31. Hixon, M.A.; Menge, B.A. Species diversity: Prey refuges modify the interactive effects of predation and competition. Theor.

Popul. Biol. 1991, 39, 178–200. [CrossRef]
32. Hackradt, C.W.; Félix-Hackradt, F.C.; García-Charton, J.A. Influence of habitat structure on fish assemblage of an artificial reef in

southern Brazil. Mar. Environ. Res. 2011, 72, 235–247. [CrossRef]
33. Hixon, M.A.; Beets, J.P. Shelter characteristics and Caribbean fish assemblages: Experiments with artificial reefs. Bull. Mar. Sci.

1989, 44, 666–680.
34. Kellison, T.G.; Sedberry, G.R. The effects of artificial reef vertical profile and hole diameter on fishes off South Carolina. Bull. Mar.

Sci. 1998, 62, 763–780.
35. Wilhelmsson, D.; Yahya, S.A.S.; Öhman, M.C. Effects of high-relief structures on cold temperate fish assemblages: A field

experiment. Mar. Biol. Res. 2006, 2, 136–147. [CrossRef]

https://doi.org/10.1126/science.1149345
https://doi.org/10.1073/pnas.1211658109
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1016/j.scitotenv.2019.02.357
https://doi.org/10.1111/1365-2664.13666
https://doi.org/10.1016/j.marenvres.2018.11.005
https://doi.org/10.1016/j.ecoleng.2016.06.109
https://doi.org/10.1016/j.ecoleng.2019.04.007
http://zoolstud.sinica.edu.tw/Journals/50.1/53.pdf
https://doi.org/10.5343/bms.2020.0046
https://doi.org/10.1016/j.ocecoaman.2021.105854
https://doi.org/10.3389/fmars.2022.829557
https://doi.org/10.3354/aei00284
https://doi.org/10.1016/S0165-7836(03)00126-7
https://doi.org/10.3389/fmars.2022.853452
https://doi.org/10.1016/j.gecco.2021.e01538
https://doi.org/10.4028/www.scientific.net/AMR.197-198.8
https://doi.org/10.1016/j.ecoleng.2019.08.009
https://doi.org/10.1016/j.jembe.2016.10.028
https://doi.org/10.3390/w13162257
https://doi.org/10.1111/j.0030-1299.2004.13193.x
https://doi.org/10.1016/0022-0981(87)90122-5
https://doi.org/10.1890/12-1891.1
https://doi.org/10.1016/0040-5809(91)90035-E
https://doi.org/10.1016/j.marenvres.2011.09.006
https://doi.org/10.1080/17451000600684359


Fishes 2023, 8, 248 12 of 12

36. Baine, M. Artificial reefs: A review of their design; application; management and performance. Ocean Coast. Manag. 2001, 44,
241–259. [CrossRef]

37. Zhou, Y.B.; Cai, W.G.; Chen, H.G.; Jia, X.P. The mechanism and research progress on fish attraction technique for artificial reefs.
Mar. Fish. 2010, 32, 225–230. [CrossRef]

38. Jia, H.; Shen, Y.; Su, M.; Yu, C.X. Numerical simulation of hydrodynamic and water quality effects of shoreline changes in Bohai
Bay. Front. Earth Sci. 2018, 12, 625–639. [CrossRef]

39. Zheng, D.B.; Luan, K.; Liu, K.F.; Chen, W. Effectiveness of four kinds of square reef in attracting Sebastes schlegelii and Hexagrammos
otakii. J. Hebei Fish. China 2019, 308, 1–4. [CrossRef]

40. Marsden, J.E.; Binder, T.R.; Johnson, J.; He, J.; Dingledine, N. Five-year evaluation of habitat remediation in Thunder Bay; Lake
Huron: Comparison of constructed reef characteristics that attract spawning lake trout. Fish. Res. 2016, 183, 275–286. [CrossRef]

41. Jiang, R.J.; Tang, J.H.; Liu, P.T.; Zhong, J.S.; Wu, L. Surface distribution and movement trend of Liza haematocheila larvae and
juveniles along the southern yellow Sea. J. Shanghai Fish. Univ. 2007, 4, 323–328. [CrossRef]

42. Liu, T.; Han, T.; Wang, J.T.; Liu, T.; Bian, P. Effects of replacing fish meal with soybean meal on growth performance; feed
utilization and physiological status of juvenile redlip mullet Liza haematocheila. Aquacult. Rep. 2021, 20, 2352–5134. [CrossRef]

43. Anderson, T.J. Habitat selection and shelter use by Octopus tetricus. Mar. Ecol.-Prog. Ser. 1997, 150, 137–148. [CrossRef]
44. Ahmad, A.; Fahrudin, A.; Boer, M.; Kamal, M.M.; Wardiatno, Y. The distribution of reef fish in Ternate Island, North Maluku,

Indonesia. IOP Conf. Ser. Earth. Environ. Sci. 2020, 584, 012070. [CrossRef]
45. Mclean, M.; Roseman, E.F.; Pritt, J.J.; Kennedy, G.; Manny, B.A. Artificial reefs and reef restoration in the Laurentian Great Lakes.

J. Great Lakes Res. 2015, 41, 1–8. [CrossRef]
46. Overholtzer-McLeod, K.L. Variance in reef spatial structure masks density dependence in coral-reef fish populations on natural

versus artificial reefs. Mar. Ecol.-Prog. Ser. 2004, 276, 269–280. [CrossRef]
47. Granneman, J.E.; Steele, M.A. Effects of reef attributes on fish assemblage similarity between artificial and natural reefs. ICES J.

Mar. Sci. 2015, 72, 2385–2397. [CrossRef]
48. Shulman, M.J. Resource limitation and attracting patterns in a coral reef fish assemblage. J. Exp. Mar. Biol. Ecol. 1984, 74, 85–109.

[CrossRef]
49. Champion, C.; Suthers, I.M.; Smith, J.A. Zooplanktivory is a key process for fish production on a coastal artificial reef. Mar. Ecol.

Prog. Ser. 2015, 541, 1–14. [CrossRef]
50. Bouckaert, E.K.; Auer, N.A.; Roseman, E.F.; Boase, J. Verifying success of artificial spawning reefs in the St. Clair–Detroit River

System for lake sturgeon Acipenser fulvescens Rafinesque, 1817. J. Appl. Ichthyol. 2014, 30, 1393–1401. [CrossRef]
51. Maria, N.P.; Stephen, T.S. Fine-Scale Movements and Home Ranges of Red Snapper around Artificial Reefs in the Northern Gulf

of Mexico. Trans. Am. Fish. Soc. 2014, 143, 988–998. [CrossRef]
52. Mauro, S.; Carlo, C.; Franco, A.; Gianluca, S.; Christopher, M.B.; Michele, G. Influence of fish aggregating devices (FADs) on

anti-predator behaviour within experimental mesocosms. Mar. Ecol. Res. 2015, 112, 152–159. [CrossRef]
53. Takashi, T. Fish ecology of reef fisheries IV. Survey of fish stocks in the vicinity of reef fisheries. Aquat. Civil. 1985, 21, 9–16.
54. Moriguchi, T.; Takagi, Y. A proposal for new techniques related to the fish reef effect modulation scenarios for fish swarm

detectors. Tech. J. Aquat. Eng. Res. Inst. 2003, 25, 7–19. Available online: https://agriknowledge.affrc.go.jp/RN/2030671615.pdf
(accessed on 22 August 2022).

55. Fischer, J.L.; Pritt, J.J.; Roseman, E.F.; Prichard, C.G.; Craig, J.M. Lake Sturgeon, Lake Whitefish, and Walleye Egg Deposition
Patterns with Response to Fish Spawning Substrate Restoration in the St. Clair–Detroit River System. Trans. Am. Fish. Soc. 2018,
147, 79–93. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0964-5691(01)00048-5
https://doi.org/10.13233/j.cnki.mar.fish.2010.02.018
https://doi.org/10.1007/s11707-018-0688-x
https://doi.org/10.3969/j.issn.1004-6755.2019.08.001
https://doi.org/10.1016/j.fishres.2016.06.012
https://doi.org/10.12264/JFSC2021-0532
https://doi.org/10.1016/j.aqrep.2021.100756
https://doi.org/10.3354/meps150137
https://doi.org/10.1088/1755-1315/584/1/012070
https://doi.org/10.1016/j.jglr.2014.11.021
https://doi.org/10.3354/meps276269
https://doi.org/10.1093/icesjms/fsv094
https://doi.org/10.1016/0022-0981(84)90039-X
https://doi.org/10.3354/meps11529
https://doi.org/10.1111/jai.12603
https://doi.org/10.1080/00028487.2014.901249
https://doi.org/10.1016/j.marenvres.2015.10.008
https://agriknowledge.affrc.go.jp/RN/2030671615.pdf
https://doi.org/10.1002/tafs.10016

	Introduction 
	Materials and Methods 
	Experiments 
	Data Analysis 

	Results 
	Attracting Effect of Single ARs 
	Attracting Effect of Combined ARs 

	Discussion 
	Influence of Species Ecology 
	Influence of ARs’ Configuration 
	Would the Combined ARs Be Better? 

	Conclusions 
	Appendix A
	References

