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Abstract

Small shelter structures may affect the spatial use, locomotor state, and group spatial
relationships of juvenile black seabream (Acanthopagrus schlegelii), but behavioral responses
induced by different structure types remain insufficiently examined using multiple be-
havioral metrics. In this study, we conducted a tank experiment to test three hypotheses:
compared with a structure-free control, cuboid and cylindrical structures would increase
juvenile use of the central structure-placement zone, alter locomotor state, and affect
inter-individual distance. Three treatments were established, including cuboid structure,
cylindrical structure, and structure-free control, and fish behavior was observed under day-
time and nighttime conditions. Video tracking and image analysis were used to quantify
area-standardized average occurrence rate, average swimming speed, percentage of active
time, and inter-individual distance. Both structures increased juvenile use of S1, namely
the central structure-placement zone within a radius of 0-20 cm from the shelter-structure
center. During the daytime, the average occurrence rates in S1 were 54.1% =+ 6.33% and
46.7% +£ 2.32% in the cuboid and cylindrical structure groups, respectively, which were
higher than those in the structure-free control group (15.2% =+ 3.08%). At night, the cor-
responding values were 50.2% =+ 0.55%, 42.8% =+ 3.77%, and 13.3% =+ 1.57%, respectively.
Locomotor behavior and inter-individual distance also varied with structure type, observa-
tion period, and diel condition. Under tank conditions, small shelter-like structures altered
the short-term spatial use, locomotor state, and group spatial relationships of juvenile
black seabream. These findings provide experimental evidence for how juvenile black
seabream respond to simple shelter-like structures under controlled tank conditions and
may help researchers, hatchery managers, and stock-enhancement practitioners select small
structures for short-term behavioral assessment and shelter enrichment.

Keywords: juvenile black seabream; small shelter-like structure; tank experiment; spatial
use; locomotor behavior; inter-individual distance

Key Contribution: This study demonstrates that cuboid and cylindrical shelter-like struc-
tures alter the short-term spatial use, locomotor state, and inter-individual distanceof
juvenile black seabream under controlled daytime and nighttime tank conditions. These
findings provide a behavioral basis for evaluating small shelter structures without directly
extrapolating the results to full-scale artificial reef design.
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1. Introduction

Fish in complex habitats often use local structural features such as shelter, boundaries,
openings, and internal spaces. For juveniles, structures that provide refuge, boundaries, or
resting positions may influence spatial selection, activity state, and group spatial relation-
ships [1-3]. In controlled tank or aquaculture environments, small shelters, cover objects,
and structurally enriched materials are commonly used to examine how fish recognize and
use local space [4]. Structural complexity, void spaces, shelter availability, opening form,
and shelter size may affect fish residence, aggregation, and shelter choice [5-8]. Therefore,
comparing behavioral responses of juveniles to different small shelter-like structures can
help clarify how structural boundaries, openings, and internal spaces influence short-term
spatial use by fish.

Black seabream (Acanthopagrus schlegelii) is a coastal reef-associated fish species, and
juveniles may be sensitive to local shelter space and boundary structures. Previous studies
have found that rectangular gaps, square aperture sizes, and the shape and diameter of
openings can affect aggregation and behavioral responses in juvenile black seabream or
yellowfin seabream [9-11]. These studies indicate that juvenile use of structures depends
not only on the presence of a structure, but also on opening form, internal space, boundary
length, shelter coverage, and available resting positions. However, for small geometric
shelter-like structures such as cuboid and cylindrical structures, whether they can simul-
taneously alter the spatial distribution, locomotor state, and inter-individual distance of
juvenile black seabream remains insufficiently tested.

Diel conditions may further affect juvenile behavioral responses to shelter-like struc-
tures. Previous studies have shown that the presence or absence of shelter, as well as
the availability of refuge space, can alter fish activity and spatial distribution during day-
time and nighttime; dark conditions can also affect the distance between individuals and
movement coordination within fish groups [12,13]. Under daytime conditions with visible
light, visual cues may help juveniles recognize structure positions and conspecific locations.
Under night-time conditions without visible light, non-visual sensory cues may become
more important. The lateral line system is a mechanosensory flow-sensing system that de-
tects local water motion and hydrodynamic disturbances generated or modified by nearby
boundaries, objects, or prey, and is therefore considered a spatially limited, short-range
sensory modality [14,15]. Such short-range lateral-line cues may help juveniles perceive
nearby shelter structures in darkness. In addition, the lateral line system is also involved in
the regulation of shoaling and nearest-neighbour distance, suggesting a potential role in
perceiving nearby conspecifics [16,17].

Based on these considerations, this study established cuboid structure, cylindrical
structure, and structure-free control treatments under controlled tank conditions to observe
the short-term behavioral responses of juvenile black seabream during daytime and night-
time. In this study, the cuboid and cylindrical structures were defined as small shelter-like
structures in a tank, rather than scaled-down models of full-scale artificial reefs in the
field. The main reason for conducting this laboratory-based investigation was to clarify
whether simple shelter-like structural features can modify the early space use, locomotor
state, and group spacing of juvenile black seabream under controlled tank conditions. This
is important because juvenile fish often respond to local boundaries, openings, cover, and
internal spaces, yet the combined effects of simple structure type on spatial distribution,
locomotor activity, and group spacing remain poorly understood. This approach provides
a controlled behavioral basis for understanding juvenile responses to small shelter-like
structures before these responses are further examined under more complex semi-natural or
field-scale conditions. Three hypotheses were tested: (1) compared with the structure-free
control, the cuboid and cylindrical structures would increase the area-standardized average
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occurrence rate of juveniles in the central structure-placement zone, namely S1 within a ra-
dius of 0-20 cm from the structure center, and adjacent zones; (2) the two structures would
alter juvenile locomotor state, reflected by differences in average swimming speed and
percentage of active time among structure types, observation periods, and diel conditions;
and (3) the two structures would affect inter-individual distance, reflecting changes in
group spatial relationships around the structures. This study aimed to determine whether
a small shelter-like structure type and diel condition affect the spatial use, locomotor state,
and group spatial relationships of juvenile black seabream.

2. Materials and Methods
2.1. Experimental Animals

A total of 180 juvenile black seabream were purchased from Yuzhenxian Aquaculture
Farm, Huanglong Island. The fish had a total length of 5.4 £+ 0.7 cm, a body length
of 43 £ 0.7 cm, and a body mass of 4.6 £ 0.9 g. Before the experiment, the fish were
acclimated in a blue cylindrical culture tank with a diameter of 6.0 m and a height of
1.6 m. The culture water was natural seawater filtered through a flowing sand filtration
system. During the experiment, water temperature ranged from 28.0 to 29.7 °C, salinity
from 29.3 to 32.1, and pH from 8.05 to 8.27. Continuous aeration was provided throughout
the 10 d acclimation period, except for short interruptions during feeding, waste removal,
and removal of uneaten feed. Fish were fed twice daily, once in the morning and once
in the afternoon, with Haitonghao No. 4 sinking marine fish feed produced by Santong
Bioengineering Co., Ltd. (Weifang, China). Uneaten feed and feces were removed every
3 d by siphoning. The experiment began after 10 d of acclimation.

2.2. Experimental Apparatus and Design

A hollow cuboid structure measuring 30 cm in length, 15 cm in width, and 15 cm in
height was made from 3 mm thick white opaque acrylic sheets. A cylindrical structure was
made from a white opaque PVC pipe with a wall thickness of 3 mm, a diameter of 15 cm,
and a length of 30 cm (Figure 1A). These two structure types were selected because they
represent simple and reproducible shelter-like geometries with the same maximum length
but contrasting local structural features. The cuboid structure provided flat boundaries,
corners, and a rectangular internal space, whereas the cylindrical structure provided a
continuous curved cavity and circular openings. Therefore, this comparison was intended
to test juvenile responses to two small shelter-like structure types, rather than to isolate
the effect of external shape alone or to represent scaled-down full-size artificial reefs. The
experimental tank was a white tank measuring 2.1 m in length, 2.0 m in width, and 0.9 m
in height, with the water depth set at 0.8 m. Natural seawater filtered through a flowing
sand filtration system was used throughout the experiment. The bottom of the tank was
divided into four concentric circular zones, with diameters of 40, 80, 120, and 160 cm from
the center outward. The corner area outside the largest concentric circle was defined as
S5. The radius interval between adjacent concentric circles was 20 cm. For the cuboid and
cylindrical structure treatments, the structure was placed at the center of the tank bottom.
S1 was then defined as the central structure-placement zone within a radius of 0-20 cm
from the structure center (Figure 1B).

According to the observation requirements and diel time settings, the experiment
was divided into daytime trials (08:00-12:00) and nighttime trials (20:00-03:00). Each trial
lasted 45 min for observation and data collection. To reduce interference from water-
surface reflection and surrounding stray light during subsequent image analysis, black
cloth was used to shield the area around the tank. The video recording system consisted
of multiple devices. A surveillance camera (DS-2DC4120IY-D, Hikvision, Hangzhou,
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China) was vertically suspended 2 m above the experimental tank to record juvenile fish
activity from a top-view perspective throughout the experiment. During daytime trials,
an underwater color camera (ESMP3CX10, Xiaoyufu, Shanghai, China) was also used for
simultaneous auxiliary observation. Daytime illumination was provided by two 500 W
outdoor LED lamps, and light intensity near the water surface was measured using a
ZTW1702A illuminometer (CHINT, Shanghai, China). The light intensity was maintained
at 100-200 Ix. This range was set as a low-to-moderate visible-light condition in a controlled
tank to ensure that juveniles could obtain available visual cues during daytime treatments,
as previous studies have shown that low light intensity can affect visual behavior and
spatial responses in fish [18]. Nighttime treatments were conducted at 0 Ix, and the infrared
night-vision mode of the overhead surveillance camera was used for recording to avoid
interference from visible light on nighttime behavior and to establish a controlled dark-
phase experimental condition. Natural underwater nighttime light environments can be
influenced by moon phase, cloud cover, water turbidity, and artificial light sources, and
are not constantly completely dark. Therefore, the 0 Ix treatment in this study mainly
represents an experimental condition excluding visible-light stimulation, rather than a
complete simulation of all field nighttime environments [19]. During the experiment, water
temperature was maintained at 28.0-29.7 °C, salinity at 29.3-32.1, and pH at 8.05-8.27,
measured using PH818 and AR8012 water-quality meters (Smart Sensor, Chengdu, China).

Both daytime and nighttime experiments included three treatments: cuboid structure,
cylindrical structure, and structure-free control. Each treatment had three replicates, and
10 juvenile black seabream were introduced in each replicate. A total of 90 fish were used for
daytime trials and another 90 fish for nighttime trials, giving a total of 180 fish (Table 1). The
order of treatments was randomized, and each fish was used only once. At the beginning
of each trial, the juvenile fish were gently introduced into the tank from the same fixed
point near the tank edge. After each trial, the tank was cleaned and the experimental water
was replaced to reduce the possible effects of residual odor, stress cues, and previous trials
on subsequent observations. To record the initial response and short-term adjustment
process after fish introduction, all video recording devices were started 2 min before fish
release. No additional acclimation period was provided in the experimental tank after fish
release because this study aimed to record the short-term behavioral responses of juvenile
black seabream immediately after introduction into the tank. Continuous video recording
was conducted for 45 min from the moment the fish entered the water. Video data were
transmitted in real time and synchronously stored on a portable computer.

Table 1. Experimental grouping and fish allocation.

Observation . Fish Number
Period Group Structure Type Replicates per Replicate
Experimental group  Cuboid structure 3 10
Day Experimental group Cylindrical structure 3 10
Control group Structure-free control 3 10
Experimental group ~ Cuboid structure 3 10
Night Experimental group Cylindrical structure 3 10
Control group Structure-free control 3 10

Note: Each fish was used only once. Each replicate was continuously recorded for 45 min after fish release.
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cuboid structure cylindrical structure

spatial zoning of experimental tank bottom

m structure-placement zone (S1)

200cm  S1: structure-placement zone, 0—20 cm from structure center
S2: 20—40 cm from structure center
S3: 40—60 cm from structure center

S4: 60—80 cm from structure center

S5: corner area outside the largest circle

210 cm

Figure 1. Schematic diagram of the experimental structures and spatial zoning. (A) Small shelter-like
structures; (B) spatial zoning of the experimental tank bottom.

2.3. Extraction of Behavioral Metrics and Statistical Analysis

A single continuous 45 min video recording was analyzed using EthoVision XT video-
tracking software (Version 16.0; Noldus Information Technology, Wageningen, The Nether-
lands) to extract behavioral metrics of juvenile fish. One frame was extracted every 3 min
using FFmpeg (version 6.1; FFmpeg Project, open-source software), yielding 15 images
for each experimental trial. The spatial zone occupied by the juvenile fish was recorded
from each extracted frame. The raw occurrence rate in each zone was calculated, fol-
lowed by area correction to reduce the influence of differences in zone area on the spatial
distribution results.

The total occurrence frequency of fish in the j-th spatial zone was calculated as follows:

15
Ci= 21’:1 mij )

where m;; denotes the occurrence frequency of the experimental fish in the j-th zone in the
i-th extracted frame, withi=1,2,...,15andj=1,2,...,5.
The area-standardized average occurrence rate was calculated as follows:

Ci/ A

== % 100% ()
P G/ A

where P]- represents the area-standardized average occurrence rate in the j-th spatial zone,
and A; represents the area of the j-th spatial zone. Y k=12 (Ci/Ar) represents the sum of the
area-standardized occurrence densities across the five spatial zones from S1 to S5.

105
A1:A2:A3:A4:A5:1:3:5:7:(n16) 3)
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The relative area ratio of zones 51-54 was 1:3:5:7. Zone S5 represented the corner
area of the tank outside the largest concentric circle, and its relative area was (105/7) — 16.
Therefore, the relative area ratio of S1-S5 was 1:3:5:7:(105/7 — 16).

After calculation using the formulas above, the sum of the area-standardized average
occurrence rates across the five zones from S1 to S5 was 100% for each replicate and
each observation period. Because the five spatial zones differed greatly in area, raw
occurrence frequencies would be strongly affected by zone size. In this study, distance
from the structure center was the main spatial factor of interest, whereas unequal zone
area was an unavoidable geometric feature of the concentric-zone design. Therefore, area
standardization was applied to reduce the influence of unequal zone areas and to allow
relative comparisons of spatial use among zones.

To test the effects of treatment group, spatial zone, and observation period on the
average occurrence rate, linear mixed-effects models were established separately for the
daytime and nighttime datasets. The model structure was as follows:

Average occurrence rate ~ Treatment X Zone x Period + (1| Treatment/Replicate) (4)

In this model, Treatment, Zone, Period, and their interactions were included as fixed
effects. Replicate identity was included as a random intercept nested within Treatment.
The model was fitted separately for the daytime and nighttime datasets.

Treatment included three levels: cuboid structure, cylindrical structure, and structure-
free control; Zone included S1-S5; and Period included 0-15, 15-30, and 30—45 min. The
significance of fixed effects was evaluated using likelihood ratio tests, with the significance
level set at p < 0.05.

To test the edge-oriented tendency noted for the structure-free control group, addi-
tional control-only simple-effect comparisons were performed within the structure-free
control treatment. Estimated marginal means were used to compare the area-standardized
average occurrence rate among spatial zones, with particular attention to the comparison
between S5 and S1 under daytime and nighttime conditions.

For each treatment group, three target juvenile fish were randomly selected from
each of the three replicates, and their complete movement trajectories were extracted
using EthoVision XT video-tracking software. Thus, trajectory data from nine juvenile fish
were obtained for each treatment. The following behavioral metrics were automatically
calculated using EthoVision XT:

(1) Average swimming speed (cm/s): the total distance moved by each target fish during
the observation period divided by the total observation time.

(2) Active time percentage (%): the proportion of time during which each target fish was
in a swimming state relative to the total observation time.

(8) Inter-individual distance (cm): the mean pairwise Euclidean distance among juvenile
fish in the experimental tank at the same time point.

To analyze temporal changes in locomotor behavior and inter-individual distance,
each 45 min video was divided into three observation periods: 0-15, 15-30, and 30-45 min,
and behavioral parameters were extracted separately for each period.

For average swimming speed and percentage of active time, linear mixed-effects mod-
els were fitted separately for the daytime and nighttime datasets. Treatment, observation
period, and their interaction were included as fixed effects. Replicate tank was included
as a random intercept, and fish identity nested within replicate tank was included as an
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additional random effect to account for repeated measurements of the same fish across
observation periods. The model structure was

Y ~ Treatment x Period + (1 | Replicate tank) + (1| Replicate tank:Fish identity) (5)

For inter-individual distance, the replicate tank was treated as the experimental unit
because this variable was calculated as a group-level metric for fish within the same tank.
Treatment, observation period, and their interaction were included as fixed effects, and
replicate tank was included as a random intercept. The model structure was:

Y ~ Treatment x Period + (1| Replicate tank) (6)

Fixed effects were evaluated using likelihood-ratio tests under maximum likelihood
estimation. When significant treatment x period interactions were detected, post hoc
comparisons were conducted among treatments within the same observation period and
among periods within the same treatment.

Statistical analyses were conducted in R version 4.5.1 (R Foundation for Statistical
Computing, Vienna, Austria). Linear mixed-effects models were fitted using the Ime4
package (version 1.1-37) [20], and post hoc comparisons were performed using emmeans
(version 2.0.0) [21].

3. Results

Because no additional acclimation period was provided in the experimental tank,
all results reported below should be interpreted as short-term post-release behavioral
responses during the first 45 min after introduction.

3.1. Effects of Structure Types on the Spatial Distribution of Juvenile Black Seabream

Under daytime conditions, spatial zone, treatment x zone, and treatment X zone
x period significantly affected the average occurrence rate, whereas zone x period was
not significant (Table 2). Under nighttime conditions, spatial zone, treatment x zone,
zone X period, and treatment x zone x period all had significant effects on the average
occurrence rate (Table 2). These patterns show that juvenile spatial distribution differed
mainly among spatial zones and that the effects of structure type varied across zones under
both daytime and nighttime conditions.

During the daytime, the average occurrence rate in S1 was higher in the cuboid
structure group and cylindrical structure group than in the structure-free control group
(54.1% =£ 6.33%, 46.7% =£ 2.32%, and 15.2% =+ 3.08%, respectively; p < 0.05; Figure 2A).
In S5, the structure-free control group showed a higher average occurrence rate than the
cuboid and cylindrical structure groups (34.8% = 3.34%, 3.0% = 0.44%, and 5.5% =+ 0.26%,
respectively; p < 0.05; Figure 2A). Under nighttime conditions, the average occurrence rate
in S1 remained higher in the cuboid and cylindrical structure groups than in the structure-
free control group (50.2% =+ 0.55%, 42.9% =+ 3.77%, and 13.4% =+ 1.57%, respectively;
p < 0.05; Figure 2B). The structure-free control group again showed the highest occurrence
rate in S5 (33.7% = 2.91%; Figure 2B). Additional control-only simple-effect comparisons
confirmed this edge-oriented pattern. Within the structure-free control treatment, the
average occurrence rate differed significantly among spatial zones under both daytime
and nighttime conditions. In particular, S5 was significantly higher than S1 in both diel
conditions, indicating that, when no central structure was available, juveniles tended to
occur more frequently in the tank-edge or corner area than in the central open area.
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Figure 2. Average occurrence rate across spatial zones among different treatment groups. (A) Daytime
condition; (B) nighttime condition. Data are presented as mean + SE (n = 3). Different lowercase
letters within the same spatial zone indicate significant differences among treatment groups (p < 0.05).

Table 2. Results of linear mixed-effects models testing the effects of structure type, spatial zone, and
observation period on the average occurrence rate of juvenile black seabream.

Fixed Effect Daytime Condition Nighttime Condition
x> df p Value x> df p Value
Treatment 0.000 2 1.000 0.000 2 1.000
Zone 51.030 4 <0.001 44961 4 <0.001
Period 0.000 2 1.000 0.000 2 1.000
Treatment X Zone 157.357 8 <0.001 131.767 8 <0.001
Treatment x Period 0.000 4 1.000 0.000 4 1.000
Zone x Period 8.636 8 0.374 27.901 8 <0.001
Treatment x Zone x Period 31.891 16 0.010 29.271 16 0.022

Note: Because the area-standardized average occurrence rates across S1-S5 summed to 100% for each replicate
and observation period, interpretation focused on zone-related terms, especially treatment x zone and treatment
X zone X period.

3.2. Effects of Small Shelter-like Structure Types on the Locomotor Behavior of Juvenile
Black Seabream

For active time percentage, the linear mixed-effects models showed that treatment,
observation period, and their interaction had significant effects under daytime conditions
(Table 3). Under nighttime conditions, observation period and the treatment x period
interaction were significant, whereas the main effect of treatment was not significant.
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For average swimming speed, treatment, observation period, and their interaction were
significant under both daytime and nighttime conditions (Table 3).

The temporal patterns of locomotor behavior differed among treatment groups
(Figure 3a—d). During the daytime, average swimming speed generally increased with
observation time in all three treatment groups. Active time percentage also varied among
treatments and periods, with the cuboid and cylindrical structure groups showing relatively
higher values during the later observation periods. At night, the structure-free control
group maintained a relatively high swimming speed during the initial period, whereas the
cuboid and cylindrical structure groups showed lower initial swimming speeds followed
by gradual increases.

Table 3. Results of linear mixed-effects models testing the effects of structure type and observation
period on locomotor behavior and inter-individual distance of juvenile black seabream.

Daytime Condition Nighttime Condition
Response Variable Fixed Effect x> df p Value X2 df p Value
Active time percentage Treatment 6.747 2 0.034 3.473 2 0.176
Period 9.565 2 0.008 19.177 2 <0.001
Treatment x Period 28.926 4 <0.001 35.258 4 <0.001
Average swimming speed  Treatment 13.771 2 0.001 17.611 2 <0.001
Period 61.372 2 <0.001 7.938 2 0.019
Treatment x Period 11.139 4 0.025 42.759 4 <0.001
Inter-individual distance Treatment 12.240 2 0.002 17.727 2 <0.001
Period 8.105 2 0.017 16.231 2 <0.001
Treatment x Period 12.541 4 0.014 10.338 4 0.035

Note: For inter-individual distance, the experimental unit was the replicate tank.

3.3. Effects of Small Shelter-like Structure Types on the Inter-Individual Distance of [uvenile
Black Seabream

For inter-individual distance, the linear mixed-effects models showed that treatment,
observation period, and their interaction had significant effects under both daytime and
nighttime conditions (Table 3). Because inter-individual distance was calculated as a
group-level metric, replicate tank was used as the experimental unit.

Inter-individual distance showed treatment-specific temporal patterns (Figure 3e,f).
During the daytime, the structure-free control group showed a relatively high inter-
individual distance during the initial observation period, whereas the cylindrical structure
group showed higher values during the middle and later periods. The cuboid structure
group showed lower inter-individual distance during the initial period and a moderate
increase thereafter. At night, the cuboid structure group generally showed higher inter-
individual distance than the other groups, while the cylindrical structure group increased
during the later observation period.
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Figure 3. Effects of small shelter-like structure types on behavioral traits of juvenile black seabream

under daytime and nighttime conditions. (a,b) Percentage of active time; (c,d) average swimming

speed; (e f) inter-individual distance. Values are means + SE. Different lowercase letters indicate

significant differences among observation periods within the same treatment and diel condition

based on estimated marginal means comparisons (p < 0.05).

4. Discussion

The main value of this study lies in showing that simple shelter-like structures can

simultaneously affect three aspects of juvenile black seabream behavior: local space use, lo-

comotor state, and group spatial relationships. Rather than evaluating large-scale artificial
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reef performance, this study focused on short-term behavioral responses to small, repro-
ducible structures under controlled tank conditions. The results provide evidence that both
cuboid and cylindrical structures increased juvenile use of the central structure-placement
zone, and that these structures also modified swimming activity and inter-individual dis-
tance under daytime and nighttime conditions. These findings suggest that local structural
features, such as boundaries, openings, internal space, and cover, are important components
shaping juvenile behavioral responses.

4.1. Spatial Distribution

In this tank experiment, both the cuboid structure and cylindrical structure altered
the spatial use of juvenile black seabream. In the two structure treatment groups, juvenile
fish occurred more frequently in the central structure-placement zone and adjacent areas,
whereas the structure-free control group did not show an obvious centrally concentrated
distribution pattern. This indicates that juvenile black seabream actively approached small
shelter-like structures with boundaries, openings, and sheltering spaces.

Previous studies have shown that void space, structural complexity, shelter availabil-
ity, and shelter size can influence fish residence, aggregation, and shelter selection [5-8].
Studies on juvenile black seabream and juvenile yellowfin seabream further indicate that
rectangular gaps, square aperture sizes, and the shape and diameter of openings can affect
juvenile aggregation or behavioral responses [9-11]. Artificial structure models can also
affect structure-associated occupancy and locomotor behavior in black seabream and other
fish species [22]. In addition, different artificial structure models have been reported to
differ in their attraction effects on black seabream and other marine fishes [23,24]. These
studies are consistent with the present results, indicating that local structural characteristics
can influence spatial selection and space use by juvenile fish.

The tendency of juvenile fish to approach the structure zone may be related to shelter
use and boundary preference. Juvenile black seabream are small in body size and may be
more likely to approach structures that provide shelter, boundaries, or resting positions in
a novel environment. Previous studies have suggested that predation risk and shelter avail-
ability can influence reef fish assemblages [1,25]. Although predators were not included
in the present experiment, and predation pressure therefore cannot be directly evaluated,
the concentration of juvenile fish around the structure zone can still be interpreted as the
use of sheltering space and boundary structures. The cuboid structure had flat boundaries,
corners, and internal space, allowing juvenile fish to remain along the boundaries or enter
the structure. The cylindrical structure had a continuous tube cavity and curved boundary,
which could also provide space for passage, approach, or short-term residence. Therefore,
both structures increased juvenile fish use of the central structure-placement zone.

The intensity of structure-zone use differed between daytime and nighttime conditions.
Under daytime light conditions, fish can visually recognize structural boundaries, openings,
shadows, and the positions of conspecifics, which may facilitate their localization and use
of the central structure zone. Under nighttime conditions at 0 1x, the occurrence rate in the
central zone decreased to some extent, but both structure groups remained higher than the
structure-free control group, indicating that juvenile black seabream could still perceive
and use the structures under dark conditions. Previous studies have shown that coral reef
fish larvae can use multiple sensory cues, including visual, chemical, and mechanical cues,
when recognizing settlement habitats, and that visual cues from conspecifics and predators
can also affect habitat selection [26,27]. In addition, both vision and the lateral line system
may participate in reef- or structure-oriented behavior in fish [28]. Combined with the
present results, the continued approach of juvenile fish to the structure zone at night may
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be associated with lateral line perception, close-range boundary contact, and the positions
of conspecifics, rather than complete dependence on visual information.

The differences between the cuboid and cylindrical structures should not be simply
attributed to shape alone. In addition to external morphology, the two structures differed
in opening form, internal space, boundary length, sheltering area, and available resting
positions. Previous studies have shown that internal sheltering space and external edges
can jointly affect the distribution of juvenile fish around structures and their sheltering
responses after disturbance, and that the size and internal space of cylindrical shelters
can also affect shelter selection by fish [7,8]. Therefore, the spatial distribution differences
caused by the cuboid and cylindrical structures in the present study are more appropriately
interpreted as the result of differences in small shelter-like structure type, rather than being
determined solely by external shape.

4.2. Locomotor Behavior

In this study, average swimming speed and active time percentage differed among
structure treatments and observation periods, indicating that small shelter-like structures
not only affected the spatial use of juvenile black seabream but also altered their locomotor
state. Under daytime conditions, average swimming speed increased with observation
time in all treatment groups, and higher swimming speeds were observed in the cylindrical
structure group and cuboid structure group during the later observation period. This
pattern may reflect short-term adjustment after fish release, as well as structure approach,
boundary exploration, and movement within or around the shelter-like structures.

Swimming speed and active time percentage can reflect locomotor intensity, ex-
ploratory activity, continuous swimming demand, and potential energy expenditure in
fish. Previous studies have shown that physical structures, substrates, and artificial struc-
ture models can affect fish residence, activity performance, and swimming behavior in
controlled environments [22,29]. In the present study, the gradual increase in average swim-
ming speed during daytime suggests that juvenile black seabream became more active as
they adjusted to the tank environment. The two structure groups may have promoted local
exploratory movements around boundaries, openings, and internal spaces, rather than
simply causing fish to remain stationary near the structure.

Under nighttime conditions, juvenile fish in the structure-free control group main-
tained higher average swimming speed and active time percentage, whereas the locomotor
intensity of fish in the cuboid structure group and cylindrical structure group was relatively
lower. Combined with the spatial distribution results, juveniles in the two structure groups
still showed relatively high occurrence rates in the central structure-placement zone and
adjacent areas. Therefore, the reduced locomotor intensity at night more likely reflected in-
creased short-term use of areas near the structures rather than a decline in activity capacity.
In the structure-free control group, the absence of clear shelter and boundaries may have
made it more difficult for juveniles to form stable resting positions, resulting in a higher
level of continuous swimming. In contrast, the cuboid and cylindrical structures provided
accessible local spaces for short-term occupation, allowing juveniles to reduce continuous
swimming under dark conditions.

Shelter conditions can alter diel activity allocation and spatial use in fish [12]. In
the present study, the lower nighttime locomotor intensity in the two structure groups
is consistent with the idea that shelter-like structures may provide local resting or hold-
ing positions, thereby reducing the need for continuous movement in open water. This
interpretation is also consistent with previous findings that the presence of shelter can
reduce maintenance-related energetic costs in juvenile fish [2]. Therefore, the nighttime
reduction in swimming speed and active time percentage in the structure groups should
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not be interpreted as a simple suppression of activity, but rather as a short-term behavioral
adjustment associated with local space occupation near the structures.

The diel differences in locomotor state may also be related to light conditions and
intrinsic activity rhythms. Under daytime visible-light conditions of 100-200 Ix, juvenile
fish could use visual cues to recognize structural boundaries, openings, shadows, and the
positions of conspecifics, thereby facilitating approach and exploratory behavior. Under
nighttime dark conditions of 0 1x, available visual information was markedly reduced, and
juveniles were more likely to remain near the structures. Diel activity patterns in fish can
be influenced by external conditions such as light, as well as by endogenous circadian
rhythms [30,31]. Therefore, the diel differences in locomotor state observed in juvenile
black seabream may be associated with the combined effects of light condition, sensory
perception, diel activity rhythm, and short-term local use of areas near the structures.

4.3. Inter-Individual Distance

Inter-individual distance reflects the average spatial distance among juvenile fish and
can be used to evaluate changes in shoal cohesion and group spatial relationships under
different structure treatments [13]. In the present study, inter-individual distance varied
with structure type and observation period, indicating that small shelter-like structures
affected not only whether juveniles approached the structure-placement zone, but also how
individuals were spatially arranged around the structures.

Under daytime conditions, the inter-individual distance showed different temporal
trends among treatment groups. The structure-free control group showed a decrease during
the 15-30 min period, the cylindrical structure group maintained a relatively high level
during the middle and later periods, and the cuboid structure group showed relatively
small temporal changes. These results suggest that the effects of small shelter-like structures
on group spacing were not simply expressed as increased aggregation or reduced individual
distance. Instead, group spacing was likely related to structural boundaries, opening form,
internal space, and the availability of local resting positions.

The cuboid and cylindrical structures differed in boundary form, internal space, and
opening form, which may have affected how juvenile fish occupied space around the
structures. The cuboid structure had flat boundaries, corners, and internal space, provid-
ing relatively clear boundary-associated and corner-associated positions. The cylindrical
structure had a continuous tube cavity, curved boundary, and open space, allowing juve-
nile fish to move among the opening, outer edge, and adjacent areas. Previous studies
have shown that internal voids, structural complexity, the relative proportions of shelter
space and edge structure, and shelter size can affect fish aggregation, sheltering effects,
and shelter selection [5,7,8]. Habitat enrichment studies have also used inter-individual
distance and nearest-neighbor distance as indicators of shoal cohesion, and have shown
that enriched structural environments can alter group spatial relationships and behavioral
state in fish [32-34]. Therefore, the effects of small shelter-like structures on juvenile black
seabream were reflected not only in increased use of the central structure-placement zone,
but also in changes in the spatial distances among individuals.

Under nighttime conditions, the cuboid structure group generally showed higher
inter-individual distance, while inter-individual distance in the cylindrical structure group
increased with observation time. Combined with the spatial distribution results, juvenile
fish in the structure groups still occurred more frequently in the central structure-placement
zone and adjacent areas at night. Therefore, an increase in inter-individual distance does
not necessarily indicate that fish moved away from the structures. Juvenile fish could
approach the same structure while occupying internal, edge, and adjacent spaces separately,
resulting in a relatively large inter-individual distance. This is especially possible for the
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cuboid structure, which provided multiple planar boundaries, opening edges, and corner-
associated positions.

Changes in light conditions may also affect the spatial relationships within fish groups.
Under daytime conditions, visual cues were relatively sufficient, allowing juvenile fish
to recognize the positions of conspecifics and maintain group spacing. Under nighttime
conditions at 0 Ix, visual information was reduced, and the relative positions among
individuals may have become more variable. Previous studies have shown that light
intensity and light spectrum can influence shoaling behavior and other behavioral responses
in fish under laboratory conditions [35,36]. In the present study, the increased inter-
individual distance in some structure groups at night may be related to weakened visual
cues and the increased availability of separate resting or sheltering positions around the
structures. Thus, the nighttime increase in inter-individual distance should be interpreted
as a change in local space occupation and group spatial arrangement, rather than simply as
weakened attraction to the structures.

4.4. Limitations

Because no additional acclimation period was provided in the experimental tank, the
observed responses may include release-related stress, exploratory behavior, wall-edge
use, and short-term shoal reorganization. Therefore, these results should be interpreted
as short-term post-release behavioral responses rather than stable shelter-use patterns. In
addition, because S1 was the smallest spatial zone, area standardization could increase its
relative numerical value. Therefore, the area-standardized average occurrence rate should
be interpreted as a density-corrected spatial-use index, rather than as a direct residence
proportion or stable residence time.

The cuboid and cylindrical structures used in this study were relatively small and
mainly represented small shelter-like structures that could provide boundaries, cover,
openings, and internal space under tank conditions. They should not be regarded as strict
scaled-down models of full-scale artificial reefs in the field.

Because geometric, hydrodynamic, and behavioral ecological scale similarities were
not established in this study, and because the results were not validated under field condi-
tions, the findings should not be directly extrapolated to artificial reef engineering design.
The behavioral differences between the two structures also cannot be simply interpreted as
the effect of shape alone, because surface area, boundary length, internal space, opening
form, and available resting positions may have acted simultaneously.

In addition, the juvenile black seabream used in this study were obtained from an
aquaculture facility, and behavioral observations were conducted in a closed tank. The
experimental conditions lacked water flow, predation risk, substrate variation, complex
habitat backgrounds, and natural group structure that occur in the field. Therefore, the
results mainly reflect the short-term behavioral responses of aquaculture-origin juvenile
black seabream to small shelter-like structures under controlled tank conditions, and cannot
directly represent the structure-use processes of wild juvenile black seabream in natural
habitats. Future studies should further evaluate the effects of these structural attributes
on habitat selection and behavioral regulation in juvenile black seabream by controlling
structural parameters, increasing the range of model scales, introducing water flow and
predation-risk conditions, and combining semi-natural or field validation.

5. Conclusions

This study provides a controlled tank-based evaluation of how two simple shelter-like
structure types affect the short-term behavioral responses of juvenile black seabream. The
main finding is that both cuboid and cylindrical structures increased juvenile use of the
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central structure-placement zone and adjacent areas, indicating that juvenile black seabream
can rapidly respond to small structures that provide boundaries, openings, cover, and
internal space. A further valuable finding is that these structures not only influence where
juveniles occurred, but also altered their locomotor state and inter-individual distance,
showing that small shelter-like structures can modify both individual activity and group-
level spatial arrangement.

Under daytime and nighttime conditions, juvenile fish showed differences in spatial
use and locomotor responses to the structures, suggesting that light conditions, sensory
perception, and endogenous rhythms may jointly influence their structure-use behavior. It
should be noted that the structures used in this study were small experimental shelter-like
structures. Therefore, the results should be mainly interpreted as short-term behavioral
responses of juvenile black seabream to small shelter-like structures, and should not be
directly extrapolated to the design effects of artificial reefs in the field. Future studies
should combine structures at different scales, experiments separating structural parameters,
and field validation to further clarify the roles of different structural attributes in habitat
selection by juvenile black seabream.
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