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Sebases schlegelii is an important economic reef fish in northern China. Its distribution in the reef area is affected by the reef structure and flow field. To evaluate the effects of differently shaped artificial reefs with distinct flow field properties on the distribution of adult S. schlegelii, four types of artificial reefs (cubic (CAR), pyramidal (PAR), star-shaped (SAR) and tubular (TAR) artificial reef) and the related flow regimes were experimentally examined. The mean gathering rate (MGR) and wavelet analysis were adopted to analyze the distribution patterns of S. schlegelii adults around reef bodies in three representative environmental conditions (static water (FE1), 40 Hz water flow environment (FE2), and 50 Hz water flow environment (FE3)). The significant gathering behaviors around the artificial reefs were depicted through the MGR of adult fish during physical observations. For FE1, the MGR of adult fish showed a decrease in the order PAR > CAR > SAR > TAR. With increasing incoming velocities, the MGR changed such that the quantity of adult fish in the CAR gradually increased more than that in the PAR, but no significant differences were observed between them (P>0.05). Wavelet analysis showed that the fluctuations in the gathering behaviors of adults decreased with increasing flow velocities. Based on the two-factor analysis of variance, the reef structural characteristics had a more significant impact than the flow velocities on the gathering behavior of adult fish. In summary, the PAR and CAR are recommended to restore the habitats of S. schlegelii in marine ranches given their dominant aggregation effects on S. schlegelii.
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1 Introduction

Marine life habitats have been destroyed by the negative effects of anthropogenic pressures, such as pollutant emissions and overfishing, leading to massive declines in natural fisheries (Wilson et al., 2010). Fish are the single most important source of high-quality protein for humans, providing 16% of the animal protein consumed by the world’s population (Tidwell and Allan, 2001). Therefore, marine habitat restoration is receiving increasing attention. Artificial reefs are widely used in the United States, Australia, Europe and Asia and are regarded as effective measures for marine habitat restoration and fishery resource conservation (Lima et al., 2019). Differently shaped artificial reefs released into the sea can provide shelter, refuge and additional ecosystem services for organisms in open environments and have been shown to be of great value to many fish and invertebrate species (Komyakova et al, 2013; Lima et al., 2019). Recent studies have shown that artificial reefs can create productive habitats in certain systems (Claisse et al., 2014; Layman et al., 2016; Smith et al., 2016). They can be effective at adding fish rather than just attracting nearby fish from rocky reefs (Folpp et al., 2020). However, Baine (2001) reports that only approximately 50% of studies have found evidence of successful outcomes after deployment of artificial reefs. This may be related to the coverage area of artificial reefs and the complexity of artificial reef structures (Lemoine et al., 2019). Studies have shown that artificial reefs have a larger number of sheltering holes and more abundance and diversity of fish (Hixon and Beets, 1989; Hackradt et al., 2011). The design of artificial reefs has a significant impact on their effectiveness (Vivier et al., 2021). Fully understanding the influence of artificial reef structure on the behavioral distribution of fish can help improve artificial reef design and marine ranch construction.

To design artificial reef structures that can provide better habitats for fish, extensive research has been conducted on flow field effects (Zheng et al., 2015; Jiao et al., 2017; Ma et al., 2022). The materials (Brown, 2005; Sempere-Valverde et al., 2018), shapes (Vivier et al., 2021) and distances (Froehlich et al., 2021) of artificial reefs have also been investigated aiming to improve their ecological effects. Fish behavior is a direct response to the environment (Martins et al., 2012), and by observing fish distribution around artificial reefs, understanding the positive and negative behaviors of fish in reef selection can help develop better artificial reef design and conservation strategies. Underwater camera observation is a common method to study the biological benefits of reefs, as it allows to collect data over long time scales while avoiding human disturbance factors. It is useful for collecting valuable information regarding the distribution, relative abundance, and species–habitat associations of various fish species (Easton et al., 2015). Parsons et al. (2016) used drop cameras to study the effects of temperate rocky reef habitats on fish abundance and species composition. Li et al. (2021) studied the effects of artificial reefs and the flow field environment on the habitat selection behavior of juvenile scorpionfish Sebastes schlegelii with an underwater camera system, and the results showed that there were significant differences in fish aggregation around different reef structures.

Sebastes schlegelii is an economically important rocky reef fish that is mainly distributed in China, Japan and the eastern and western coasts of the Korean Peninsula (Xi et al., 2017). artificial reefs have considerable effects on the aggregation of rocky reef fishes (Folpp et al., 2020). Adult S. schlegelii are sexually mature individuals in the population, with reproductive functions. In industrial fishing, a large number of adult fish will be caught, resulting in a sharp decrease in their numbers in the population. Stock enhancement is an effective way to protect fish biodiversity. In China, millions of juvenile fish are released every year to restore and increase the population. Releasing populations will cause a series of negative effects on wild populations (Lorenzen et al., 2010), which is not conducive to the sustainable development of fisheries. A comprehensive understanding of the influence of reef structure on the spatial behavior of S. schlegelii will indeed maximize the positive consequence of the conservation of S. schlegelii.

The goal of our study was to determine the attraction of artificial reefs with different structures to adult S. schlegelii and the influence of flow field environment on this attraction. This was achieved by placing artificial reefs with different structures in indoor deep concrete pools that can create different flow field environments and using underwater cameras to observe the distribution of adult S. schlegelii. These observed data were used to calculate the mean gathering rate and perform wavelet analysis. Furthermore, two-way ANOVA was used to analyze the influence of reef structure and flow field environment on S. schlegelii distribution. Our results may contribute to the design of artificial reefs for the conservation of specific fishes and the selection of reef types for marine ranch construction.




2 Materials and methods



2.1 Fish materials

Adults S. schlegelii were obtained from a local commercial aquaculture farm and kept in a holding tank for 48 h. After temporary rearing, 48 adult fish with no apparent deformities or injuries and strong constitution were selected for the experiment. The average body length was 30 ± 0.5 cm, and the average weight was 565 ± 28 g. To reduce the influence of the external environment on fish behavior, no oxygenation and no baiting were used during the experiment or resting period.




2.2 Experimental artificial reefs

In this experiment, four types of reefs were selected according to their structures from the commonly used reef types in the construction of marine ranches in China. They were cube-shaped artificial reef (CAR), pyramid-shaped artificial reef (PAR), star-shaped artificial reef (SAR) and tube-shaped artificial reef (TAR). The outer dimensions of the CAR was 50 cm×50 cm×50 cm (length×width×height), and the diameter of the surface hole was 30 cm (Figure 1A). The outer dimensions of the PAR was 63 cm×63 cm×58 cm (length×width×height), and the height of the pyramid structure was 50 cm (Figure 1B). The SAR had a height of 50 cm and a blade width of 21 cm (Figure 1C). The TAR was 50 cm in length and 50 cm in diameter (Figure 1D).




Figure 1 | Detailed parameters for the artificial reef models tested in this study. (A) The cube-shaped artificial reef; (B) The pyramid-shaped artificial reef; (C) The star-shaped artificial reef; (D) The tube-shaped artificial reef.






2.3 Experimental pool

The experiment was carried out in a disinfected indoor concrete pool. The pool size was 7 m×7 m×2 m (length×width×height), and the experimental depth was 1.2 m (Figure 2). To facilitate observation, the bottom of the pool was painted blue with environmentally friendly aquaculture paint. To facilitate statistics, the pool was divided into 196 square areas with environmentally friendly red aquaculture paint, where the side of each square area was 0.5 m, and each area was numbered as shown in Figure 2. Four submersible pumps for flow generation were installed at the bottom corners of the square pool (1-1,1-E, E-1 and E-E). The four reef placement positions are shown in Figure 2. Four floodlights were placed in the upper corner of the pool for illumination during observation. A panoramic camera was mounted on the roof beam approximately 2 m above the experimental pool, and 8 color underwater cameras were fixed near the reef fish in the pool. The video signal acquisition system comprised the camera, a router and a computer, which could monitor and record the behavior and distribution of experimental fish in the pool without interference (Figure 2).




Figure 2 | Schematic diagram showing the experimental pool, where the shaded part is the experimental area.






2.4 Experimental environment parameters



2.4.1 Flow field environment design

Four submersible pumps were used to create a flow field by adjusting the electric control system outside the pool to control the flow of seawater and then adjusting the different flow rates of seawater. Three types of flow field environment were tested in the experiment. When the working frequency of the submersible pump was 0 Hz, the hydrostatic environment was named FE1; when the working frequency of the submersible pump was 40 Hz, the flow field environment was named FE2; and when the working frequency of the submersible pump was 50 Hz, the higher flow field environment was named FE3. Before the experiment, 14 key points were measured by an electromagnetic current meter. The S1–S13 velocity measuring points are shown in Figure 2, and key point S14 was located inside the CAR reef.




2.4.2 Water environment parameters

Before the experiment, we used a multiparameter water quality detector to measure the water environment parameters. The measured results are temperature=11°C, dissolved oxygen=8.04 mg/L, pH=7.02 and salinity=31.83‰.





2.5 Video data acquisition

Throughout the experiment, there was no feeding, oxygenation or natural light to avoid interfering with the behavior of the fish. During the experiment, four lamps with a power of 15 W were used for lighting. The experiment was divided into three experimental conditions according to different flow field environments, namely, FE1, FE2 and FE3. The observation time of each experiment was from 8:00 in the morning to 18:00 in the evening. Continuous video signals were collected throughout the experiment, and photos were taken every 10 min.




2.6 Data processing and statistical analysis



2.6.1 Mean gathering rate (MGR)

The MGR refers to the ratio between the quantity of scorpionfish gathered around a reef at a fixed time point in the experiment and the total quantity of scorpionfish in the experiment: (Li et al., 2021)



where Mi is the quantity of fish aggregated at a fixed time point in hour i, M is the total quantity of S. schlegelii adults in the experiment, and n is the number of adult fish recorded.




2.6.2 Python wavelet analysis

In this study, python wavelet analysis was used to analyze the fluctuation in the quantity of adult fish attracted to the artificial reef at different times and obtain the wavelet power spectrum (Qin et al., 2016; Li et al., 2021).




2.6.3 Statistical analysis

All statistical analyses were performed using SPSS 20.0 for Windows. One-way analysis of variance (ANOVA) was used to distinguish significant differences among different structures and flow field environments, and differences were considered statistically significant at P<0.05. Two-way ANOVA was used to evaluate reef structure and flow field environment, which were the key environmental factors affecting habitat selection of adult S. schlegelii, and extremely significant factors were considered statistically significant at P<0.001.






3 Results



3.1 Behavior description of S. schlegelii adults around artificial reefs

According to the video observations, under the static water environment (FE1), adult fish swam quickly to the wall after being placed in the experimental pool. At this time, no adult fish entered the reef area, and they are all distributed near the wall and in the dark area. After 8 min, a few adult fish tentatively swam around the reef. After approximately 1 h of adaptation, the adult fish around the reef were frequently active, and most of the adult fish freely shuttled around the four types of reefs (Figure 3A). After 2 h, most of the adults began to swim freely in the boundary area between the four reefs and the pool and chased each other (Figure 3B). At the same time, the quantity of adults in the interior of the reef and the shaded area gradually tended to be stable.




Figure 3 | Fish behavior captured by panoramic camera in experimental pool. (A) The state of the fish after 1h in the experimental pool under FE1; (B) The state of the fish after 2h in the experimental pool under FE1; (C) The fish gather in the middle blank area enclosed by the four reefs under FE3.



In the flow field environments FE2 and FE3, due to the influence of the flow generating equipment and flow field, the adult fish showed a significant stress response when the flow generating equipment was started, swimming rapidly from the pool wall to the vicinity of the reef and gathering in large numbers in the middle blank area enclosed by the four reefs(Figure 3C). After 1 h of adaptation, some adult fish began to frequently move around the four reefs and near the pool wall.




3.2 Differences in the gathering behaviors of S. schlegelii

According to one-way ANOVA, in the static water environment (FE1), the MGR of adult S. schlegelii showed a decreasing trend in the order PAR (MGR=38.31 ± 6.02%) > CAR (MGR=35.03 ± 6.66%) > SAR (MGR=15.14 ± 4.60%) > TAR (MGR=11.52 ± 4.68%). Under the FE2 condition, the MGR showed the same trend as FE1. The MGR in the PAR was the highest at 42.53 ± 6.86% and it was the lowest in the SAR at 11.54 ± 5.35%. There was a significant difference between the MGR of adult fish of the PAR and CAR (P<0.05), while the MGR was not significantly different between the TAR and SAR (P>0.05). In the FE3 flow environment, there was no significant difference in MGR between the PAR and CAR (P>0.05), and there was a significant difference in MGR between the TAR and SAR (P<0.05). The MGRs of reefs with the same structure in the three different flow environments were also different (Figure 4). While the PAR showed no significant difference in MGR among the three flow environments (P>0.05), there were significant differences in MGR in the other three reef types between the standing water and flowing water environments (P<0.05). This indicates that the PAR has a significant advantage in attracting adult fish and has the strongest stability, while the attraction degree of the other reefs to adult fish is greatly affected by the flow field environment.




Figure 4 | Significant difference analysis of Sebastes schlegelii adults attracted by four different ARs under the same flow field environment. *Different letters (a, b, c & ab) over the bar for the same reef type indicate significant differences among flow field environments (P<0.05).



By comparing the MGR of adult fish inside and outside the four types of reefs, it was found that the aggregation of adult fish inside and outside the reefs was different in the three types of flow field environments. In the static water environment (FE1), there were significant differences in the MGR of adult fish in and out of all reefs except the CAR (P<0.05). The MGR outside the PAR was higher than that inside the PAR, while the opposite was true for the TAR and SAR. Compared with the static water environment (FE1), in the flow environments (FE2 and FE3), the MGR inside the CAR gradually decreased and that outside of it gradually increased, while the MGR inside the PAR increased significantly and that outside of it decreased. The MGRs of the adult fish inside and outside the reefs were significantly different (P<0.05). The MGRs inside the TAR and SAR decreased significantly, but there was no significant difference in the distribution of adult fish in and out of the TAR and SAR in FE3 (P>0.05). Overall, as the flow rate increased, the adults tended to cluster outside the CAR and inside the PAR (Figure 5).




Figure 5 | Comparison of differences in the distribution of Sebastes schlegelii adults inside and outside the reefs. *Different letters (a, b, c & ab) over the bars for the same reef type indicate significant differences in the mean gathering rate (MGR) inside and outside the reef (P<0.05).






3.3 Wavelet analysis of adult fish aggregation

The amount of aggregation of S. schlegelii adults in different reef structures was analyzed by wavelet analysis, and the variation characteristics of aggregation were studied (Figure 6). The results of the wavelet analysis show that in FE1, the number of adult fish in the CAR had three significant periods, from 8:00 to 12:00, 12:00 to 14:00 and 16:00 to 18:00. At 12:00, the continuity of the small wave spectrum was the strongest and fluctuated greatly. During 16:00~18:00, the continuity of the small wave spectrum was poor; that is, the number of adult fish changed little and tended to be stable during this period. The population of adults around the PAR showed the strongest continuity at 12:00, and the population of adult fish changed significantly. From 14:00 to 18:00, the continuity of the small wave spectrum was the worst; that is, the distribution of adult fish in the reef area fluctuated the least. In the TAR, the continuity of the wavelet spectrum was relatively strong at 12:00, and it was poor at the rest time, so the stability of adult fish aggregation was the strongest throughout the day. The continuity of the SAR wavelet spectrum was weak throughout the day, and the population of adult fish changed most stably during 8:00~10:00 and 14:00~18:00. In FE2, the CAR had the strongest wavelet continuity at 14:00. The PAR had poor continuity of the wavelet spectrum throughout the day. The TAR had the worst spectral continuity throughout the day, with little change. In FE3, the spectral continuity of the CAR was strong and fluctuated significantly from 14:00 to 16:00, and it was the worst from 12:00 to 14:00; that is, the population of adult fish fluctuated the least during this period. In the PAR, the spectrum continuity was good during 14:00~16:00, that is, the fluctuation was relatively large. The distribution of adult fish in the TAR was the least and the most stable. The continuity of the SAR wavelet spectrum was strong during 12:00~16:00. The wavelet spectrum analysis showed that the continuity of the adult fish spectrum in different reef areas in the flow field environment was weaker than that in the standing water environment, and the aggregation of adult fish was more stable compared to the standing water environment.




Figure 6 | Time-frequency and frequency-domain change periods in the quantity of Sebastes schlegelii adults in different artificial reefs *: The conical range represents the effective value; the closed region of the black solid line is the power spectrum value tested by the standard background spectrum with 95% confidence; the color bar on the right represents the wavelet power spectrum; the larger the value, the stronger the continuity of the wavelet spectrum.






3.4 Effect of the flow field and reef structure on the aggregation of adult fish

The effects of reef structure and flow field environment on the attraction of S. schlegelii adults were studied by two-factor ANOVA (Table 1). The effects of the reef structure and flow field environment factors and their interaction were all extremely significant (P<0.001). These results indicate that the two factors have significant effects on the MGR of S. schlegelii adults, and the reef structure had a stronger effect than the flow field environment, indicating that reef structure has the strongest effect on the aggregation of S. schlegelii adults.


Table 1 | Analysis results of the influence of flow field environment and reef structure on MGR of S. schlegelii adults.







4 Discussion

The main results of this study show that (1) all four types of artificial reef can attract S. schlegelii adults, but there are significant differences in their effects. The PAR and CAR, with relatively complex structures and more holes, have stronger attracting effects on fish, while the SAR and TAR, with relatively simple structures and fewer holes, have poor attracting effects. (2) The flow field has a significant influence on the fish-attracting effect of the four reef types. The MGR trend of the four reef types in the standing water environment (FE1) was PAR > CAR > SAR > TAR. The MGRs of the CAR and PAR increased, while the MGRs of the SAR and TAR decreased with increasing incoming flow velocity. Affected by the flow field, the adult fish aggregated around the SAR and TAR were driven to the PAR and CAR. (3) The flow field also has a significant effect on the MGRs inside and outside of the reefs. In FE1, there was no significant difference in the MGRs inside and outside of the CAR, and the MGR outside of the PAR was higher than that inside of it. Due to the influence of the flow field, the MGR inside of the CAR decreased and that outside increased, while the PAR showed the opposite trend, that is, the MGR inside increased while that outside MGR decreased. (4) In contrast with the SAR and TAR, the quantity of adult fish in the PAR and CAR showed higher wavelet spectrum continuity and more considerable fluctuations, and their diurnal variation trend was higher. Wavelet analysis showed that the fluctuations in the gathering behaviors of adults decreased with increasing flow velocities. (5) Based on the two-factor ANOVA, reef structure and flow field environment have significant effects on the MGR, and the reef structure had a more significant impact than the flow field environment on the gathering behavior of adult fish. Since fish behavior around artificial reefs can be affected by dissolved oxygen levels, light conditions, unsuitable temperatures, forced proximity to humans and feeding opportunities (Martins et al., 2012), to ensure the reliability of our results, we did not provide food, oxygenation, or natural light throughout the experiment to avoid disturbing fish behavior.

Countershading refers to a type of body color with a dark back and light belly, which can prevent biological detection by predators or bait to achieve camouflage and stealth (Ruxton et al., 2004). Sebastes schlegelii have a blackish brown back, irregular dark black patches and a grayish white belly. This coloration is conducive to enemy avoidance and feeding. Through video observation, we noticed an interesting phenomenon in which S. schlegelii adults were mainly distributed at the bottom of the PAR, inside and outside of the CAR and SAR, and inside and on both sides of the TAR, which are all shaded areas, because the shadows match the body color, allowing them to hide. Many marine organisms exhibit behaviors in which they actively select backgrounds that match their species, morphology, or individual horizontal appearance (Ryer et al., 2008; Stevens and Merilaita, 2009; Morgans and Ord, 2013), and some even change their body color and brightness to quickly match the background (Johnsen et al., 2004; Smithers et al., 2018). Sebastes schlegelii cannot quickly change its color to match the background environment (Leclercq et al., 2010), so it can only achieve shading by actively selecting the shaded area, which is more conducive to hiding. In the experiment, we also found that S. schlegelii moved rapidly to the shaded area of the pool wall when transferred to the experimental pool. This behavior is also observed in juvenile fish (Li et al., 2021). Therefore, the shaded area is an important factor affecting the distribution behavior of S. schlegelii. Both juvenile (Li et al., 2021) and adult S. schlegelii exhibit background matching behavior, and appropriate shading and material color should be considered in reef design.

All four reef types had aggregation effects on adult and juvenile S. Schlegelii (Table 2), but the aggregation effects are quite different in standing water environments. The PAR had the best aggregation effect on adults but a poor aggregation effect on juveniles, while the CAR had a good aggregation effect on both adults and juveniles. This is related to the area of the artificial reef, the number of holes, the size of the holes and fish living habits. Species richness and H’ diversity are higher in large-area artificial reefs, and the number of holes is the most important factor for reef fish (Hackradt et al., 2011). In addition, the size of the hole is related to the shelter effect provided, and relatively large holes are less effective in protecting small fish from predators (Jordan et al, 2005). Juvenile scorpionfish tend to be social, large in number and occupy a large space, while adult scorpionfish tend to be solitary, but the individuals are large, so the CAR, with a good shelter effect and large internal holes, had a good aggregation effect on both juvenile and adult scorpionfish. Compared with the other reefs, the PAR has more holes but less space, which is not conducive to the movement of young fish but can provide a individual shelter for adult fish. Although the TAR also has large holes, it had a poor aggregate effect on adults and juveniles (Table 2) because its holes are a straight-through structure with easy penetration, which is not conducive to hiding and shading S. schlegelii. Moreover, S. schlegelii will mark their territories and attack other fish entering their field of view (Xu et al., 2021). Visual barriers provided by artificial reefs can reduce aggressive behavior (Zhang et al., 2023). A simple structure such as the TAR cannot provide visual shelter, while a complex structure such as the PAR can provide more shelter space. Sebastes schlegelii adults preferred this structure, which is relatively enclosed and has enough room to fit their bodies.


Table 2 | Average MGR of Sebastes schlegelii adults and juveniles (Li et al, 2021) in different reef areas under three flow rates.



Water flow will affect the distribution of fish around artificial reefs by increasing their swimming energy consumption and feeding patterns (Clarke et al., 2009). The biological responses of fish to water flow and turbulence are species-specific (Wang et al., 2021). This is related to the size, swimming ability and swimming pattern of the fish (Finelli et al., 2009). Bottom-dwelling fish will move closer to the sidewall to reduce energy costs when velocity increases (Wiegleb et al., 2020). In this study, increased flow rates were found to drive adults aggregating in the SAR and TAR to the PAR and CAR. This is due to the low flow rate around the PAR and CAR (Table 3), which is conducive to lower swimming energy expenditure. The current not only affects the MGR of adult fish among reef types but also has a significant effect on the MGR inside and outside the reefs. Upwelling and eddies will occur outside the CAR (Ma et al., 2022), and the flow field characteristics inside the PAR are more complex due to the presence of disks. It is possible that the flow field characteristics in these ARs are more conducive to attracting S. schlegelii adults. Although studies have shown that the wake regions generated by artificial reefs may have a positive impact on fish aggregation (Song et al., 2022). However, it is necessary to further study which flow field characteristics are more favorable to S. schlegelii. Some studies have found that fish reefs with complex structures are more attractive to fish aggregation (Lemoine et al., 2019), which is consistent with our research results. The PAR and CAR, with relatively complex structures, showed better aggregation effects on S. schlegelii. This may be because reefs with complex structures can provide more holes and habitat space and have more complex flow field environment.


Table 3 | Average velocities at key points in the experimental pool under different flow field rates.



In conclusion, there are differences in reef type selection between juvenile and adult S. schlegelii, but the PAR and CAR have good aggregation effects and flow field environment, which makes them suitable for placing in northern coastal areas of China. The shaded area, number and size of holes, flow field environment and complexity of the artificial reef structure are important factors determining the distribution of S. schlegelii, which should be taken into account in the design of reefs. The results of our study can provide guidance for managers and conservation planners for reef type selection when installing artificial reefs to restore natural habitats and protect reef fish.
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