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Abstract

Although artificial reef (AR) effect evaluation is useful for planning the installation of

high-rise ARs and their management, few studies have investigated them quantitatively.

The fine-scale two-dimensional fish distribution in ARs was estimated regarding current

fields and vertical structures of two high-rise ARs (20 and 30 m high at 62 and 72 m

depths, respectively) in Tateyama Bay, central Japan, using underwater drone recordings

with vertical line transects and environmental DNA (eDNA) metabarcoding. The species

detected by video surveys (21 organisms were identified to species, and one to genus)

were fewer than by eDNA analysis (103 species and 6 genera), especially in pelagic,

small-sized, and cryptic fish. Video surveys revealed the demersal fish distribution

increased with decreasing horizontal distance from the AR surface within 20 m, and the

richness and total fish density were significantly higher upstream of the ARs. Conversely,

the fish eDNA concentration showed different patterns with significantly higher

concentrations downstream of the ARs. The richness peaked at horizontal AR surfaces

(e.g., reef top) but density of the dominant species peaked near the bottom by video survey.

In comparison, eDNA analysis indicated lower richness and higher eDNA concentration

of the dominant species at the reef top. Such discrepancies may be explained by the

influence of eDNA transport or its specific behavior or buoyancy. Video surveys indicated
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the growth stage and sex information of four species from their morphology, which is not

possible using eDNA analysis. This study shows the advantages of each evaluation

method can complement each other.

Keywords: artificial reef, underwater drone, environmental DNA, distribution, species

richness, remotely operated vehicle
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1. INTRODUCTION

Creating fishing grounds by deploying artificial reefs (ARs) has been actively
promoted worldwide since the 1960s (Lima et al. 2019). National projects of the Japanese
government began installing ARs in Japanese coastal waters in 1971 to create fishing
grounds and maintain and develop commercial fisheries (Sato et al. 2021). ARs are
feeding grounds and nursery areas that cause the aggregation and stock enhancement of
fish and form rich communities comprising various aquatic organisms (Bohnsack &
Sutherland 1985). Therefore, ARs can increase fishery stocks in terms of abundance and
richness (Bohnsack & Sutherland 1985).

Fish distribution around ARs has been studied using various methods such as
underwater visual census, surveys using fishing nets, fisheries-based observations, and
echo sounder surveys (Polovina & Sakai 1989, Kakimoto 1993, Tessier et al. 2005, Brotto
et al. 2007, Kang et al. 2011). These monitoring methods can provide valuable,
comparable quantitative survey data on fish aggregation to a point. Dense schools of fish
are more abundant upstream of ARs which was confirmed by bottom gillnets (3822 ARs
with a height of 1 m installed at a depth of 58 m in Japan; Kakimoto 1967), stationary
underwater cameras (139 ARs with a volume of 1.5 m?® installed at a depth of 20 m in

Japan; Okamoto et al. 1979), multibeam echosounders (ARs with a height of 8—12 m
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installed at a depth of 36—42 m in Australia; Holland et al. 2021), and environmental DNA

(eDNA, which is DNA derived from environmental samples such as water) analysis (ARs

with a height of 30 m installed at a depth of 75 m in Tateyama Bay, Japan; Inoue et al.

2022). The impact of the flow field on fish aggregation has been focused upon. By taking

advantage of fish aggregation upstream of the reefs, local fishermen can efficiently catch

fish by anchoring their ships upstream of the AR and directing their fishing gear toward

the AR (Inoue et al. 2018, 2020, 2022). Moreover, predicting the fine-scale fish

distribution in relation to AR structure or special flow fields formed by ARs (Liu & Su

2013, Li et al. 2021) is useful for managing fishing grounds formed by ARs, selecting

installation sites, and designing layouts and structures. However, few studies have

investigated the quantitative evaluation of fish school formation in ARs and its

relationship with current fields, especially in high-rise ARs (Holland et al. 2021, Inoue et

al. 2022).

Recently, an eDNA approach, especially metabarcoding using a high-throughput

sequencer and universal primer sets, was used to assess coastal fish species diversity

(Thomsen et al. 2012, Miya et al. 2015, Port et al. 2016, Yamamoto et al. 2017, Polanco

Fernandez et al. 2021). The quantitative MiSeq sequencing approach (qMiSeq) could

evaluate the eDNA concentrations of multiple species simultaneously (Ushio et al. 2018).
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Compared to the underwater visual census, eDNA analysis is quick, easy, involves non-

invasive sampling, and has a high detection sensitivity for fish diversity, especially for

pelagic species (Port et al. 2016, Yamamoto et al. 2017, Polanco Fernandez et al. 2021).

Therefore, this method was used for the first time to evaluate fish aggregation on a high-

rise AR in the open ocean. Our previous studies revealed that the fish eDNA concentration

increased sharply with decreasing distance from the AR (Sato et al. 2021) and a

significantly higher fish eDNA concentration upstream side of the ARs (Inoue et al. 2022).

However, eDNA analysis has some limitations when evaluating fish distributions. First,

detecting the fish abundance distribution in the area surrounding ARs (Sato et al. 2021,

Inoue et al. 2022) is simultaneously influenced by eDNA production, transport, and

degradation (Goldberg et al. 2015). Second, the eDNA concentration can be positively

correlated with the density and biomass of fish species (van Bleijswijk et al. 2020, Maes

et al. 2023); however, eDNA concentration alone cannot determine whether many small

individuals (high density) or few big ones (low density) are present with the same biomass.

Namely, eDNA analysis cannot determine the growth stage or size of the detected fish.

Recently, underwater drones (UDs, small remotely operated vehicles (ROVs)) that

observe aquatic organisms have been used as research tools (Sward et al. 2019). UDs are

relatively inexpensive and small compared to conventional ROVs and have advanced
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attitude control functions and a rich interface; thus, they are easy to operate. The

information acquired by UDs is similar to that of an underwater visual census (Hellmrich

et al. 2023), such as species richness, categorical growth stage information from

morphological features, and fish counts. Furthermore, UDs can be used in deeper waters

with little effort, unlike underwater visual census (Andaloro et al. 2013, Sward et al. 2019).

The natural or AR effects on aquatic organism aggregation estimated by conventional

ROVs primarily focus on detailed benthic organism distribution on the horizontal two-

dimensional plane of the seafloor. However, few studies have investigated the vertical

fish distribution along these structures (Ajemian et al. 2015). Thus, video surveys using

UDs will be able to quantitatively determine the fine-scale spatial fish distribution around

ARs related to current fields and their vertical structure. Moreover, these relatively novel

methods, UDs and eDNA analysis, can be used simultaneously to monitor fish

distributions around ARs, such as richness and abundance distributions of aggregating

fishes around ARs with growth stage information. Therefore, using UDs could

compensate for the disadvantages of eDNA, such as the ambiguity in fish eDNA

distribution owing to transport and degradation and lack of growth stage information.

However, UDs have limitations; video surveys underestimate fish abundance when

compared with underwater visual census (Bortone et al. 2000, Tessier et al. 2005,
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Andaloro et al. 2013), likely owing to their narrow field of view and low resolution

(Tessier et al. 2005, Andaloro et al. 2013). Thus, using an absolute abundance index such

as volumetric density (hereafter, density) is essential to assess fish abundance more

accurately (Williams et al. 2018). Therefore, estimating the field of view volume of the

camera (sampling volume) is crucial to converting count data into an absolute abundance

index that is easier to compare with other monitoring methods. A method for estimating

the sampling volume has been developed for stereo camera observations (Rand et al. 2006,

Williams et al. 2018); however, no similar method exists for monaural camera observation.

Therefore, this study developed a video survey method using UD and applied

quantitative eDNA metabarcoding (qMiseq) to estimate the spatial distribution of fish

communities around ARs in vertical two-dimensional planes to explore fine-scale fish

distribution in relation to AR structure and flow fields formed by ARs. Namely, to

evaluate using volumetric density, the sampling volume of monaural camera equipped in

UD was estimated. The survey results of ARs were compared using video surveys and

qMiSeq, and the characteristics of the data generated from the video surveys were

organized. Specifically, this study aimed to (1) characterize the fish communities of two

high-rise ARs by vertical line transects using the UD to calculate species composition and

density concerning local currents and AR shape and (2) to compare the detected fish
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communities and their spatial distributions resulting from video surveys and eDNA

analysis.

2. MATERIALS & METHODS

2.1. Field survey

2.1.1. Study site

Field surveys were performed at two high-rise ARs installed in Tateyama Bay, central

Japan, near the Kuroshio warm current facing the Pacific Ocean on October 27, 2021 (Fig.

la). Many ARs were implemented in this area to create fishing grounds; 9391 small-scale

ARs exist, such as tire reefs, established in the shallow waters by local fishing

cooperatives, Tateyama city of Chiba Prefecture, and Chiba Prefecture during 1982—1998

and 240 relatively large ARs (Fig. 1a) were established by Chiba Prefecture during 2006—

2010. This study focused on the highest steel-framed AR (30 m high) deployed at a water

depth of 72 m by Chiba Prefecture in 2010 (AR1, SKS Reef UT-304, Nippon Steel

Kobelco Metal Products, Tokyo, Japan, Fig. 1a, b, ¢) and the steel-framed AR (20 m high)

deployed at a distance of 1000 m from ARI1 at a depth of 62 m by Chiba Prefecture in

2008 (AR2, Three Star Reef I- 2SND-13V, Nakayama Steel Works, Osaka, Japan, Fig. 1a,

b, ¢). Detailed size information of the ARs is shown in Fig. S1. Previous eDNA surveys
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of fish communities were conducted at AR1 (Sato et al. 2021, Inoue et al. 2022). Set-net

fishing was performed approximately 1.7 km away from AR1 (Fig. 1a).

2.1.2. Video surveys using the UD

The research vessel Taka-maru (Japan Fisheries Research and Education Agency:

FRA) was located upstream and downstream of each AR (four study stations, Fig. 1a, c).

The UD (FIFISH V6 Plus, QYSEA, Guangdong, China) was equipped with a depth

recorder (DEFI2-D20HG, JFE Advantech, Hyogo, Japan) and a photon recorder (DEFI2-

D20HG, JFE Advantech) was placed from 7aka-maru and operated toward the ARs (Fig.

l¢). The video camera of the UD was aimed at the AR from near the AR while maintaining

a horizontal posture by setting the control system. One round-trip vertical line transect

was conducted from the sea surface to the middle height of the AR at each study station,

and videos were taken using the UD built-in camera along the transects (Fig. Ic).

However, the transects did not proceed smoothly owing to the current flow; hence, the

same depth zone was recorded repeatedly during the course maintenance process (Fig. S2

and S3). No fish were observed in water depths shallower than the reef top (personal

observation, Y. Miyajima-Taga); therefore, shallow depth zones with no AR structure in

the video frame were excluded from subsequent analyses. The vertical speed during the

10
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transects at depth zones above and below the reef top was 0.18 + 0.07 and 0.11 £ 0.01 m
s”! (mean + SD), respectively. Recordings were performed with a video resolution of 4k
UHD 25 fps. No artificial lighting was used because the study stations were at a low
turbidity area where the Kuroshio Current flows in, and sufficient light intensity was
present for observation even at the depth of the survey. The visibility when the UD built-
in lighting was turned on was checked in advance at the study stations; however, the
lighting did not illuminate the video field of view evenly, resulting in uneven visibility
and no improved visibility. The total recording time was 1 h 0 m 16 s, between 09:50:35
and 14:56:46. The detailed recording conditions are listed in Table S1.

The current field during the field surveys was measured at multiple layers using a ship-
mounted 300-kHz acoustic Doppler current profiler (ADCP, Teledyne RD Instruments,
Poway, CA, USA, Fig. 1a). Ten second-averaged current field data were used every 4 m
depths between 39-55 m (AR1) or 39-50 m (AR2) as the current velocity of each study
station. Whether the UD was located appropriately upstream or downstream of the ARs
during the video recording was confirmed from the ADCP data and the dynamics of
floating objects in the water column by visual observation of the videos. To ensure that
fish behavior during the video survey was not significantly affected, the vertical profiles

of turbidity, salinity, and water temperature were measured 19 min 43 s to 34 min 8 s

11
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before the video survey from the sea surface to just above the seabed near each video

survey point except upstream of AR2 (Fig. 1c) using a conductivity temperature depth

profiler (CTD, RINKO-Profiler, JFE Advantech).

2.1.3. Water sampling for eDNA analysis

Water sampling upstream and downstream of AR1 and AR2 for eDNA analysis was

conducted on the same date as the video surveys (October 27, 2021). The water samplings

were conducted at the same points of CTD measurement immediately after the video

survey of each study station (Fig. 1¢). Ten liters of seawater was collected from the middle

(40 m deep) and bottom (5 m above the sea bottom) layers at each study station in the

immediate vicinity of the ARs (20 m upstream and 12 m downstream of AR1; 5 m

upstream and 30 m downstream of AR2) using one cast of two Niskin water samplers (5

L x 2 samples). Two 2 L samples were subsampled from the two Niskin water samples

and immediately filtered using a combination of Sterivex filter cartridges (nominal pore

size = 0.45 pm; Merck Millipore, Burlington, MA, USA) using an aspirator (the two

filters were subsets of a single water collection) in a laboratory on Taka-Maru (Sato et al.

2021) (Supplementary Materials 2.1). The filter cartridges were stored at -20 °C until

DNA extraction. In total, 18 eDNA samples (16 field samples [four stations x two depth

12



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

layers % two replicates] plus two negative controls) were collected and filtered (Table S2).

2.2. Image analysis of the recorded video data

Quantifying the spatial volume and position of a detectable range of fish in the recorded

videos is necessary to estimate the two-dimensional fish distributions based on volumetric

density. The images were clipped and resized (960 x 960 pixels) every 6 s in the recorded

videos to avoid excessive thinning out or overlapping information and used for the

subsequent analyses.

2.2.1. Estimation of fish density

Fish counting and species identification in each image were visually performed by the

first author with reference to the “Encyclopedia of Japanese Marine Fishes” (Yoshino

2019). Fish were identified using the preceding and following videos when identifying

species was challenging owing to the posture of the fish. Only species whose body

morphology differs according to sex and growth stage (e.g., immature, adult, or aged)

were further subclassified. Fish that were difficult to classify were counted as “unknown

species” (hereafter referred to as fish shadows). Fish shadows were defined as fish body

images wherein the shape of the caudal fin was confirmed. Among all identified fish

13
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species in the video surveys, the only species that did not correspond to the homocercal

tail type (tail type of most teleost fish) was Gymnothorax kidako (isocercal tail type),

which appeared less frequently than other species. Therefore, the homocercal tail was

used to define fish shadows.

Species could be identified when individuals were located near the UD if they were

recorded horizontally to the ARs. Identifying fish species becomes impossible when the

distance of the fish increases from the UD; however, identifying it as a fish shadow is still

feasible. As the distance increases, the fish shadow becomes harder to identify and begins

to appear like a spindle-shaped object. This phenomenon was likely due to the recording

environment, such as the turbidity or photon quantity. Therefore, best-fitting general

linear models were created to predict the maximum detectable distance of fish species or

fish shadows from the UD considering the turbidity and photon quantity using full-scale

fish models with 20.7-34.1 cm of total length (Supplementary Materials 2.2.1. and Table

S3 and S4). All statistical analyses in this study were performed using R version 3.6.0 and

4.3.1 (R Core Team 2018). Turbidity and photon quantity had negative and positive

effects, respectively, on the detectable distances of fish. The selected models were as

follows:

A=230+0.011P — 0.61T (1)

14



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

B =3.16+0.011P — 0.75T (2)
where 4 and B (m) are the detectable distance of fish species and shadows, respectively,
and P (umol m? s!) and T (FTU) are the photon quantity and turbidity of each image,
respectively. The density of each species, fish shadow, and total fish in each image was
calculated by dividing the number of each species, fish shadow, or total fish by 0.444°,
0.44 (B>-4%), or 0.44B° (m?), respectively (Supplementary Materials 2.2.1.). Therefore,
the fish density within the detectable range of each image was assumed to be uniform.
The shape of the field of view of the UD is a rectangular pyramid with a height (distance

to the subject from the lens): base area (recorded width x height) of 1:1.53 x 0.86.

2.2.2. Estimation of the fish community spatial distribution

The position of the UD relative to the AR at the time each image was recorded was first
estimated to determine the position of the detectable range of each image. For each image,
the water depth of the UD was logged using a depth recorder, and the horizontal distance
from the UD to the nearest constituent material of the AR was estimated (hereafter
referred to as the distance from the AR surface, Fig. 1c) based on the size information of
the ARs and calculation of the pixel length from the video frame using ImageJ software

version 1.51J8 (National Institutes of Health, Bethesda, MD, USA; Supplementary

15
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Materials 2.2.2.).

To estimate the fish distribution, a point cloud on the vertical two-dimensional plane

with the x-axis as the horizontal distance from the AR surface and the y-axis as the water

depth was set at intervals of 0.5 m. The x-coordinate ranged from -30 to 30 m (AR1) and

from -20 to 20 m (AR2), whereas the y-coordinate ranged from the seabed (= 72 m) to 25

m (AR1) and the seabed (= 62 m) to 22 m (AR2). The distance from the AR surface was

expressed as a negative or positive value for AR images recorded upstream or

downstream of the ARs, respectively. Assuming that all UD positions during recording

were on the same vertical two-dimensional plane (Fig. S3), two-dimensional coordinates

of the detectable range of fish per image projected onto the vertical plane were obtained

from the coordinates of the UD and the shape of the detectable range of fish estimated in

section 2.2.1.

Of the point cloud, all points (retaining two-dimensional coordinates) within the

two-dimensional detectable range—including those on the boundary—of each species,

fish shadow, or total fish of each image were linked with the following data corresponding

to each image: the number of species, the numbers and densities of each species, fish

shadows and total fish, the recorded study station, and the detectable spatial volume. The

genus was regarded and counted as one species if only the genus could be identified.

16
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At points where the two-dimensional detectable range of each image overlapped, the

data of multiple images were linked. The mean value of these multiple data was also

linked at these points. MeanCount (the average number of fish occurrences in multiple

video frames) is used as a relative index of fish abundance primarily at stationary

underwater camera monitoring (Conn 2011) and was applied in this study. The maximum

number of relative abundance (MaxN) is the most commonly used for video survey data,

especially along artificial structures (Ajemian et al. 2015, Sward et al. 2019). MaxN is

the greatest number of individuals observed within one video frame of multiple video

frames during the transects and a conservative abundance value (Watson et al. 2005). This

conservative nature is a great advantage to avoid overestimation and to evaluate ARs as

a marine protected area. However, assessing ARs as a fishing ground requires a more

accurate reflection of the true fish abundance to estimate economic benefits. Therefore,

this study used the mean value as an index of fish abundance because the MeanCount

scale is linearly related to true fish abundance, and MaxN scales are nonlinearly related

(Conn 2011, Bacheler et al. 2013, Schobernd et al. 2013).

Points without linked data were excluded from the point cloud. Therefore, the point

cloud dataset for each study station had two-dimensional coordinates, multiple and mean

data of the number and density of fish, and recording environment information (hereafter

17
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referred to as point cloud data). A heat map of the two-dimensional spatial distribution of

the mean number of species or density was constructed from the point cloud data without

interpolation. Matplotlib version 3.3.4, numpy version 1.19.2, pandas version 1.2.3, and

scipy version 1.6.1 of Python version 3.7.10 libraries were used for the point cloud data

analysis.

2.3. DNA extraction and quantitative metabarcoding with qMiSeq

eDNA was extracted and purified (Sato et al. 2021) by modifying a previous method

(Miya et al. 2016) (Supplementary Materials 2.3). gqMiSeq was performed with MiFish

primers of actinopterygian (MiFish-U), elasmobranch (MiFish-Ev2), and sea sculpins

(MiFish-U2) versions (Table S5) to identify the fish taxa and quantify their eDNA

concentrations. MiFish primers were selected because of their detection ability and

congruence with the dataset of capture-based surveys for fish (Collins et al. 2019, Miya

et al. 2020). Five artificially designed internal standard DNAs were combined with a

template eDNA sample in the first PCR to calculate standard curves and estimate DNA

copy numbers (Ushio et al. 2018, Sato et al. 2021). Paired-end library preparation with

two-step PCR was performed (Supplementary Materials 2.3). The prepared DNA libraries

were sequenced on a MiSeq platform using the MiSeq v2 reagent kit (Illumina, San Diego,

18
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329

CA, USA). Environmental Research & Solutions, Kyoto, Japan, performed library

preparation and sequencing.

Raw MiSeq data was converted into FASTQ files using the bcl2fastq program provided

by Illumina (bcl2fastq version 2.18). The FASTQ files were then demultiplexed using the

command implemented in Claident (Tanabe & Toju 2013), trimmed to sequences with a

quality score > 30, and classified to each sample. The paired-end reads were merged and

underwent quality filtering to remove reads with ambiguous sites, sequence length < 100

bp, sequence length > 250 bp, and error rate > 2.0%. The processed reads were subjected

to a BLASTn search against the fish DNA sequences from the NCBI database. The top

BLAST hits with an identity > 98.5%, a query coverage of 100% was applied, and species

(or genus) names were assigned to the reads. The read number of the negative controls

was not used as the cut-off because the read number can vary among samples owing to

differences in PCR inhibition (Ushio et al. 2018). The detected species were compared

with local set-net catch records (Fig. 1a) (Sato et al. 2021) and distribution ranges from

FishBase (Froese & Pauly 2022). Two species (Oncorhynchus keta and Gobio gobio)

were detected in this study; however, they and their closely related species (sequence

identity > 98%: O. nerka and O. kisutch for O. keta, and no species for G. gobio) do not

exist in Tateyama Bay. Therefore, these species were considered contamination and

19
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excluded. Because primer—template mismatches can reduce the detection probability of
species with low primer specificity (Pifiol et al. 2015), the mismatches for the observed
species were checked using the UD, and dominant species were verified through eDNA
analysis. The number of DNA copies in each sample was calculated using standard curves
of the internal standard DNAs—Std. A (100 copies pL'), Std. B (50 copies L), Std. C
(25 copies pL1), Std. D (12.5 copies uL!), and Std. E (2.5 copies uL!)—using linear
regression without intercept because the calculated eDNA copies should be > 0 (Ushio et
al. 2018, Sato et al. 2021). If a fish species was detected from the negative controls, we
performed a background correction of eDNA concentration by subtracting the maximum
concentration of fish species DNA (copies/ml water) in the negative controls from the
concentration of DNA in the field sample. Details of the MiSeq metabarcoding and

qMiseq procedures are described in the Supplementary Materials 2.3.

2.4. Data analysis

Factors affecting the spatial distribution of the number of species or the densities of
total fish and dominant species were confirmed using the point cloud data of all study
stations. Five species with the highest appearance frequency in each study station in the

video surveys (chicken grunt Parapristipoma trilineatum, spotted knifejaw Oplegnathus

20
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punctatus, striped beakfish O. fasciatus, Pacific anthiinae Sacura margaritacea, and

Stripey Microcanthus strigatus) were selected as dominant species (Table S6). Multiple

regression analyses were performed to test the effects of the AR type (AR1 or AR2),

horizontal position relative to the current direction (upstream or downstream), the

absolute value of the horizontal distance from the AR surface, vertical position relative to

the top of the reef (upper or lower, Fig. 1¢), and the absolute value of the vertical distance

from the top of the reef on the number of species, total fish, and five dominant species.

The distribution of fish, upstream and downstream of the ARs, was approximately more

abundant closer to the AR surface and reef top. Therefore, the explanatory variables

related to the horizontal or vertical position were divided into the direction and the

absolute distance from the ARs to elucidate the distribution pattern of fish accurately. The

offset term for the analysis of the number of total fish or five dominant species was the

log-based detectable spatial volume. Interaction terms were not included in the model.

For the number of species data, the generalized linear model (GLM) of the Poisson

distribution with a log link function was used. The density of the M. strigatus data with

overdispersion but not zero inflation was analyzed with the GLM of negative binomial

distribution with a log link function. For other data, the zero-inflated negative binomial

model (ZINB) was used as overdispersion and zero inflation were confirmed
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(Tlhaloganyang & Sakia 2020). ZINB is a two-component mixture model with a count

model part (a negative binomial distribution with a log link function) and a zero-inflated

model part (a binomial distribution with a logit link function) to predict excess zeros. The

relationship between the horizontal distance from the AR surface and the number of

species or the density of total fish or dominant species at the depth of the reef top (42 m

deep) was predicted using the selected ZINB or GLM; the horizontal distance from the

AR surface used for prediction was extrapolated up to 25 m, exceeding the recorded range

of the video surveys.

Multiple regression analysis was performed to test the effects of the AR type (AR1 or

AR?2), the water collection position relative to the current direction (upstream or

downstream), and the depth layer (middle or bottom) on the number of species and the

eDNA copy numbers of total fish and five dominant species in qMiSeq using GLMs.

Interaction terms were not included in the model. The dominant species in qMiSeq were

P. trilineatum, Japanese sea bream Pagrus major, S. margaritacea, Silver-stripe round

herring Spratelloides gracilis, and skipjack tuna Katsuwonus pelamis. The models

assumed a Poisson distribution with a log link function for the number of species or a

normal distribution with an identity link function for a log-based eDNA density [log

(eDNA + 0.1)].
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The ZINB, GLM of the Poisson or normal distribution, and GLM of the negative
binomial distribution were analyzed using zeroinfl and predict functions of the pscl
package, glm and predict functions of the stats package, and glm.nb and predict functions
of the MASS package in R, respectively. The r2 function of the sjmisc package in R was
used to calculate the R? value, which indicates the explanatory power of selected models.
Bayesian information criterion (BIC) was used to select an appropriate model (minimum
BIC) among the candidate models (Aho et al. 2014). The explanatory variables of the
selected model were confirmed as significant in model construction by comparing the
selected best minimum BIC and null models (the model with only intercept as predictor)
using the likelihood ratio test with a statistical significance level of 0.05. The Irtest
function of the Imtest package was used to perform likelihood ratio tests. By calculating
the variance inflation factor (VIF), we confirmed that there was a low multicollinearity
in the count model part of each selected model using the check collinearity function of
the performance package in R (VIF = 1.00 ~ 3.24).

The effect of the sample size (i.e., the sampling fish number of the video surveys or the
gMiSeq replications) on observed species diversity was evaluated using the iNEXT
function of the iNEXT package in R (Chao et al. 2014). Sample size-based rarefaction

and extrapolated sampling curves for species diversity were estimated (i.e., species
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richness, exponential Shannon diversity, and inverse Simpson diversity). Species richness,

Shannon diversity, and Simpson diversity are indices that place more weight on the

frequencies of all, rare, and abundant species, respectively (Chao et al. 2014). Since the

true recorded fish number may be between the maximum number of fish counted in one

image among all analyzed images (= MaxN) and total fish counts (including double

counting), both index values per study station were used as the sample size for the video

surveys in iNEXT analysis. The presence or absence of data on species per replicate was

used as the sample size for gMiSeq in the iNEXT analysis.

3. RESULTS

3.1. Video surveys

Turbidity did not show a clear trend with water depth, whereas photon quantity

attenuated logarithmically with increasing water depth (Fig. S4); detailed recording

conditions are listed in Table S1. The range of the average predicted detectable distances

of fish species and shadow were 2.2-2.3 m and 3.1 m, respectively (Table S1). The

recorded range (overall detectable range of all analyzed images) was from 16.9 m outside

to 3.1 m inside horizontally from the AR surface at maximum (Fig. S3).

From the visual identification of 575 images, 21 organisms were identified to species,
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and one to genus from 27,965 fishes, whereas the other 13,456 fishes were fish shadows

(Tables S1 and S6). However, these estimates may include double counting. All identified

species were demersal (Froese & Pauly 2022), and the sex and growth stage of four

species, Parapristipoma trilineatum, Oplegnathus punctatus, Oplegnathus fasciatus, and

Sacura margaritacea, were identified (Fig. 2 and Table S6). iNEXT analysis indicated

that in both sample size indexes, each diversity index at each study station except

downstream of AR2 was not predicted to increase considerably even with larger sample

sizes than those in this study. Species richness was predicted to be higher in the order of

upstream of AR1, downstream of AR1, and upstream of AR2 (Fig. S5). The extrapolated

curves tended toward infinity regarding the richness downstream of AR2 and may not be

predicted correctly, probably due to the small number of observed fish compared to other

sites.

The most abundant species was P. trilineatum (Table S6). Owing to the high density of

P trilineatum upstream of AR2, individuals far from the UD may have been hidden by

individuals in the foreground, resulting in density underestimation in some images (Fig.

S6). The spatial distribution of the number of species and the densities of total fish and

the five dominant species are shown in Fig. 3. The densities of other species and

subclassifications and fish shadows in the video surveys are shown in Fig. S7. The
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number of species and densities of some species (e.g., O. punctatus, Microcanthus

strigatus, Ostracion immaculatu) peaked at the reef top of ARs and the middle floor of

AR2 (Fig. 1c, S1). The distribution trends of total fish were similar to those of P.

trilineatum and primarily distributed on the upstream side of both ARs, with the

maximum peak of distribution in 50-55 m depth, followed by the second peak at the reef

top (40-50m deep).

The GLM and ZINB results of the video surveys are shown in Table 1. In the ZINB,

the presence probability and abundance were evaluated using zero-inflation and count

models, respectively. The presence probability increases if the coefficient sign of the

explanatory variable in the zero-inflation model is negative. If the coefficients in the count

and zero-inflation models are positive and negative, respectively, the explanatory variable

has a positive effect on the fish distribution. In contrast, an example of a distribution

pattern when the coefficients of both models are positive is when schools of fish are

concentrated in a narrow area. All explanatory variables were selected in each minimum

BIC model. A significant difference was observed between each selected and null model

according to the likelihood ratio test. The results of count models indicated that AR1 had

a positive effect on all response variables except in S. margaritacea and M. strigatus, with

higher species richness and density in AR1 than in AR2. The upstream side of both ARs
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had a positive effect on all response variables except for M. strigatus, indicating higher

species richness and density upstream than downstream. All response variables

significantly decreased with increasing horizontal distance from the AR surface except

for O. fasciatus. The upper side of the reef top had a positive effect on all response

variables except for the number of species and O. fasciatus and M. strigatus. The number

of species and the densities of total fish, O. fasciatus, and M. strigatus decreased with

increased vertical distance from the reef top.

At a reef top depth of 42 m, it was predicted that fish would hardly be distributed at a

distance of approximately 20 m or more horizontally from the AR surface (Fig. 4). The

appearance range of O. punctatus and O. fasciatus was within approximately 15 m from

the AR surface, whereas that of S. margaritacea and M. strigatu was even narrower,

approximately within 5 m. The appearance range of P trilineatum upstream or

downstream of the ARs was within approximately 15 or 8 m, respectively. While the fish

density was assumed to be uniform within the detectable range of each image in section

2.2.1., sometimes the fish within the detectable range did not distribute close to the UD

(Fig. 1b); however, sometimes they did (Fig. S6).

3.2. eDNA analysis
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3.2.1. Sequence read, fish fauna, and eDNA concentrations evaluation using qMiSeq

MiSeq paired-end sequencing of the 18 libraries comprised 16 field and two negative
field samples, yielding a total of 1,215,827 reads. The final list of the field samples
included 103 fish species and six genera (Table S7). The proportions of demersal and
pelagic fish in all species were 79.8 and 20.2%, respectively. In this MiSeq run, the
sequence reads of the field and negative field samples were 851-132,894 (0.09-14.66%
of non-standard fish reads) and 2-610 (0.00-0.07% of non-standard fish reads),
respectively, excluding the standard DNA reads. In the negative controls, 1-597 reads
were contaminants for each species (e.g., Seriola quinqueradiata and Siganus fuscescens)
(Table S7). The read numbers of the four field samples were not converted to an eDNA
concentration because four out of the five internal standard DNAs were not detected for
sample No. 1 or R? values of the regression lines between the sequence reads and copy
numbers of standard DNAs were low for three other samples (No. 2, 3, and 15 in Table
S2) (R? values: 0.052—0.253, Table S8). For the remaining 12 field and two negative field
samples, the sequence reads of internal standard DNA had a positive relationship with
copy numbers based on a linear regression without intercept (R? values > 0.753, Table
S8). The read numbers of each species in these 14 samples were converted to an eDNA

concentration (Table S9) using the internal standard DNAs (Ushio et al. 2018).
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Contamination levels were examined using the field negative controls (Ushio et al. 2019).

The total eDNA concentration of the two field negative controls was <0.12% of the mean

eDNA concentration of field-positive samples (Table S9), indicating only a small amount

of contamination during field sampling, filtration, and library preparation. Nevertheless,

we subtracted the maximum concentration of fish species DNA (copies/ml water) in the

negative controls from the concentration of DNA in the field sample.

The top ten species with eDNA concentrations are shown in Table S10. This study

focused on five dominant species accounting for 88.1% of the total number of DNA

copies: 63.6% for P. trilineatum, 7.1% for Pagrus major, 4.8% for Spratelloides gracilis,

4.5% for Katsuwonus pelamis, and 2.4% for S. margaritacea. qMiSeq consistently

detected more species than video surveys (Fig. 5). Only 17.2% demersal, 0.0% pelagic,

or 13.8% total fish species detected using qMiSeq were confirmed by video surveys

(Table S6 and S7). Furthermore, several species detected by video surveys were

undetected by qMiSeq (8/22 species, Table S6). The number of primer—template

mismatches for the species observed by the UD and dominant species in eDNA analysis

varied from 0 to 2 (Table S11). Although no significant differences in primer—template

mismatches were observed between the detected and non-detected species using eDNA

analysis (Welch Two Sample #-test, p = 0.138), the average number of the mismatches
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was slightly higher for the non-detected species than for the detected species (1.50 vs.

1.06). Each diversity index of each study station was predicted to increase moderately as

the replicates increase, especially upstream of AR2 (Fig. S5). Each diversity index was

the highest upstream of AR2, followed by downstream of AR2 and upstream of AR1.

3.2.2. Factors affecting fish eDNA concentrations

The selected model for the number of species, P. major and K. pelamis eDNA contained

the AR type (Table 2). The estimated parameters indicated that the number of species was

higher in AR2 than in AR1, whereas the eDNA concentrations of P. major and K. pelamis

were higher in AR1 than in AR2 (Fig. 6 and Table 2). The horizontal position relative to

the current direction was included in all the selected models except for S. gracilis. The

estimated parameters indicated that the number of species was higher upstream, whereas

the eDNA quantities were higher downstream. The depth layer was included in the

selected models for the number of species, total fish, and P, trilineatum. The number of

species was higher in the bottom layer than in the middle layer, whereas total fish and P

trilineatum were higher in the middle layer. A null model was selected for S. gracilis

eDNA concentration. Significant differences were observed between all selected and null

models according to the likelihood ratio test except those of S. gracilis (Table 2).
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4. DISCUSSION

4.1. Development of the image analysis method

Quantitative evaluation of fish distribution around ARs is crucial for the installation

planning of ARs or resource management in fisheries, and combining multiple monitoring

methods is effective for advancing quantitative evaluation (Bacheler et al. 2013). This

study revealed the fish distribution in ARs along the vertical line transects using a built-

in UD monaural camera. This quantification of the fish species richness and density was

based on laboratory and field experiments in multiple turbidity and light conditions to

obtain the detectable distance of fish by the camera. For image analysis in the video

surveys, the estimated absolute abundance index, i.e., volumetric density, can be used to

compare these results to those of eDNA analysis. However, the video survey method has

some limitations.

First, the turbidity ranges in the field video surveys were low (FTU < 0.49) and could

not be completely covered in the experimental conditions (FTU: 0.50-2,82), resulting in

an extrapolate prediction of the detectable distance. Therefore, the clearer the water

turbidity, the wider the detectable range; however, uncertainty existed in the lower

turbidity conditions of the field. Nonetheless, the turbidity was relatively constant during
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the field survey (0.09—0.49), indicating a small effect on the detectable distances.

Therefore, the influence of this uncertainty was negligible when comparing species

richness and density among the images. Furthermore, differences in the predicted

detectable ranges among images were primarily attributed to photon quantity; therefore,

the shallower the water depth, the wider the detectable range was. The ranges predicted

by photon quantity were reliable because the field photon values were covered in the

experimental conditions.

Second, although the video surveys were performed along a vertical line transect, the

UD position fluctuated by several meters. Furthermore, position information on the z-axis

(horizontal direction along the AR wall, Fig. S2) could not be obtained. Therefore,

aggregated fish may have specific distribution patterns near the ridgeline or in the center

of the AR side. Future research with the three-dimensional position information (i.e.,

latitude, longitude, and water depth) through the introduction of an underwater position

system would allow for the creation of a 3D image of fish distribution around ARs.

Finally, although the image analysis was performed based on the assumption that the

fish density was uniform within the detectable spatial range, sometimes fish distribution

bias was observed within the detectable range even though the range was relatively

narrow, such as that the fish were not distributed close to the UD. In this case, the actual
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fish distribution may have been closer to the AR surface by, at most, a detectable distance

(fish species: 2.1-2.2 m, fish shadow: 3.1 m, on average), or the local fish density may

have been higher. Furthermore, the estimated density may be affected by changes in the

detectable range depending on fish size. For example, when the small- and large-sized

fishes are located at the same distance from ROVs, identifying the morphological features

of small-sized fish whose constituting pixels are fewer is more challenging than that of

large-sized fish (Andaloro et al. 2013). Thus, the true detectable range of fish smaller than

those used in the full-scale fish models in the experiment (20.7-34.1 cm of total length)

may be smaller than those estimated in this study. The sampling volume estimation

method using a monaural camera is applicable without increasing research equipment and

complicated analysis. In contrast, Rand et al. (2006) estimated all identified fish positions

to define the sampling space using stereo cameras. This method using stereo cameras

could overcome the limitations of the present study and, therefore, allow more accurate

density estimation.

4.2. Detected fish communities using UDs and eDNA surveys

The detected fish communities were compared between the two methods used. On the

day of water sample collection, eDNA metabarcoding detected more species than the
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video surveys conducted on the same day as sample collection. This finding is similar to

that of previous studies comparing eDNA metabarcoding and underwater visuals census,

1.e., higher detection ability for cryptic, pelagic, tiny, or rare fish species using eDNA

metabarcoding even without a complete reference database (Port et al. 2016, Yamamoto

et al. 2017, Polanco Fernandez et al. 2021). Most species only detected by our eDNA

analysis had the following characteristics that could cause false-negative results in the

video surveys: small-sized species (Maurolicus japonicus, Spratelloides gracilis, and

Ostorhinchus semilineatus), pelagic strong swimmers (Katsuwonus pelamis, S. gracilis,

and Scomber spp.), cryptic fish inhabiting AR structures (Paralichthys olivaceus,

Sebastiscus marmoratus, and Hime japonica), or species which may disperse as pelagic

egg or larvae in autumn (Acanthopagrus latus, Arothron firmamentum, and Dentex spp.)

(Abol-Munafi and Umeda 1994,). Owing to the survey design of this study, the UD only

recorded demersal fish that were likely strongly localized in ARs. ROVs do not allow for

a complete description of the fish community but are an appropriate method to census

high abundance and low mobility fish, both from a qualitative and quantitative point of

view (Smith 1988, Willis 2001, Tessier et al. 2005, Andaloro et al. 2013).

The differences in species composition between the two methods may be attributed to

several causes. First, the video survey results were a snapshot of the short temporal range
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and may have a bias related to fish activity time. In contrast, the qMiSeq results reflect

temporally accumulated eDNA distributions. The eDNA result has a few hours of

temporal information until the eDNA is dispersed and degraded (Murakami et al. 2019).

Second, the qMiSeq results reflect spatially accumulated eDNA distributions, namely

spatial influence on eDNA inflow from outside the study stations (Murakami et al. 2019).

Because several ARs and one set-net are in the surrounding area of the target ARs (Fig.

la), eDNA transport from these ARs may increase the detected species even at low eDNA

concentrations. Furthermore, eDNA derived from pelagic fish at shallow depths (not

observed close to the ARs by the UD) could have sunk to AR depths and was sampled

there. In contrast, the detectable range of fish in each image or the whole recorded range

in the video surveys was narrow; highly mobile pelagic fish migrate over a wider range

around ARs, and cryptic fish may have few opportunities to swim within the narrow-

recorded range. In addition, the detectable range of small-sized fish may be smaller than

that of large-sized fish, resulting in small-sized fish being harder to detect.

Third, a bias associated with the avoidance or attraction behavior of fish is also

conceivable. Although UDs are less likely to induce fish avoidance behavior than divers

(Hellmrich et al. 2023), the possibility cannot be excluded that some species avoid or are

attracted to UDs. Fourth, several species (3—6 species per study station) detected by the
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video surveys were undetected by qMiSeq (Fig. 5). This finding could be due to the

incomplete species detection power of the universal primer set MiFish for certain species

via primer—template mismatches or an incomplete reference database (e.g., Hyporthodus

septemfasciatus, Pseudanthias squamipinnis, and Stephanolepis cirrhifer). Additionally,

a low amount of eDNA discharged from these species can be another reason. Because

species diversity was estimated to increase as the number of replicates increased in eDNA

analysis, such species could be detected if the sample size is increased.

Information was obtained on the growth stages and sexes of Parapristipoma

trilineatum, Oplegnathus punctatus, Oplegnathus fasciatus, and Sacura margaritacea

through the video surveys. Growth stage information from video surveys may be useful

as complementary information to eDNA analysis. For example, Sato et al. (2021) inferred

that the reason why splendid alfonsino (Beryx splendens) was detected in waters evidently

shallower than the habitat depth of adults by qMiSeq was the presence of juveniles. In

such case, video surveys are useful because they can confirm the growth stage.

Furthermore, although qMiSeq provided quantitative values of eDNA concentrations that

cannot directly be converted into density, the video surveys could obtain the density

information. The volumetric biomass can be roughly estimated using the body weight

information of individuals at the same growth stage caught nearby with these obtained
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data. Furthermore, detailed fish size measurements can be obtained by installing stereo

body length measurement technology on UDs (Harvey et al. 2002, Garner et al. 2021).

4.3. Fine-scale spatial distribution of fish communities

The spatial distribution trends in the video surveys differed depending on species.

However, the shorter the horizontal distance from the AR surface, the higher the predicted

number of appearance species and total fish density were, and the effective range of ARs

on fish at the depth of reef top (42 m deep) was predicted within approximately 20 m at

most. Therefore, the aggregation effect of ARs on fishes was revealed in terms of richness

and abundance. However, the video survey area was limited to the immediate vicinity of

the ARs; therefore, a wider survey may change the fish distribution at the extrapolation

area (16.9-25 m from the AR surface) predicted in this study. These results were similar

to those of previous studies showing a higher fish density or fish eDNA near ARs (Noh

et al. 2017, Inoue et al. 2018, 2020, Sato et al. 2021). Fish eDNA concentration had the

highest peak near the ARs and sharply decreased at a distance of 150 m from the ARs,

indicating that the spatial scale of fish aggregation is within a range of 150 m from the

AR (Sato et al. 2021, Inoue et al. 2022). However, these fish aggregation ranges observed

using eDNA analysis only represent the detectable range of eDNA generated and
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transported from ARs and may not necessarily reflect actual fish distributions. Therefore,

the spatial range of demersal fish aggregation to ARs observed by the video surveys was

narrow compared to that by eDNA analysis and is more reliable.

Detailed differences were observed in the spatial distribution for each species

associated with current flow in the video surveys. Specifically, a significantly higher

number of species, total fish density, and the density of P. trilineatum and S. margaritacea,

which were commonly detected as the dominant species by both methods, were observed

upstream than downstream of the ARs in the video surveys. In contrast, the eDNA

statistical analysis showed that the total fish density and the density of both species were

significantly higher downstream than upstream of ARs. The discrepancy in the

distribution trends between the two methods in this study may be due to the transport of

eDNA by the current flow. Therefore, eDNAs released upstream may be carried

downstream. In addition, a slight spatial lag was observed between the video surveys and

the water samplings; therefore, the induced differences in the unmeasured fine-scaled

flows may lead to the discrepancy between them.

Our previous study conducted in the same study site using qMiseq showed that

dominant species, including P. trilineatum assembled upstream of ARs (Inoue et al. 2022).

The same qMiSeq technique was used in this study and by Inoue et al. (2022); however,
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the results differed, likely owing to this study sampling eDNA in the immediate vicinity
of the ARs, whereas the other study covered a larger area of 1.48 km? per AR. Therefore,
the eDNA approach may require a larger survey area to determine the spatial distribution
pattern of fishes around ARs than that used in this study.

According to the video surveys, AR1 had significantly higher richness and total
abundance than those of AR2. This finding may be because of the difference in the size
and shape of the ARs: the area of the AR1 reef top is considerably larger than that of AR2.
Many species were located relatively closer to the AR reef top and the middle floor of
AR2. Thus, the large horizontal surface of AR1 may affect fish distribution. A previous
study using ROV observations showed the same distribution pattern, wherein fish
abundance was concentrated at the reef top (Ajemian et al. 2015). In the present study,
the fish density in the video surveys was corrected using the detectable volume
considering photon quantity and turbidity. In contrast, as the water becomes shallower
and brighter, the range in which fish can be identified becomes wider, potentially
increasing the number of identified species. The upstream side of AR1 was brighter than
that of other study stations; therefore, the number of identified species may be increased
because of this environmental bias. qMiSeq results showed an opposite trend in diversity

to that of the video surveys and no difference in total eDNA concentrations between the
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two ARs. The discrepancy in the number of detected fish species is possibly due to the

higher eDNA detection in AR2 for pelagic fish. However, the discrepancy in the density

pattern between the two methods may be due to the fact that fish were distributed to a

greater degree outside the range recorded by the videos or subtle differences in the eDNA

sampling points between the ARs. The influence of eDNA transport from other ARs and

the set-net was also considered; however, its effect was likely negligible on the eDNA

concentrations of the dominant species. The first reason is that previous studies showed

that the eDNA concentration sharply decreases at a distance of 150 m from the ARs, and

other ARs are not located within a distance of 200 m from the target ARs (Sato et al. 2021,

Inoue et al. 2022). Secondly, one-tenth to one thousand levels of eDNA concentration

were reported at 300 and 600 m from the source (Murakami et al. 2019); we assume that,

this level of transported eDNA unlikely affects fish eDNA concentration around the target

ARs.

The eDNA concentrations of P. trilineatum were much higher in the middle layer (40

m depth) than those in the bottom layer (67 and 57 m deep at AR1 and 2, respectively),

whereas the species richness were higher in the bottom layer. However, according to the

video surveys, the maximum vertical peaks of these densities were at 50-55 m depth and

those of species richness were near the reef top (40-50m deep) for both ARs; therefore,
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the eDNA concentration of P. trilineatum and eDNA species richness should be most

abundant near the bottom and middle layers, respectively. Possible reasons for this

discrepancy are the specific behavior or buoyancy of eDNA of each species and its

interaction with vertical currents, which may move eDNA vertically. Furthermore,

because the study period (late October) does not match with the spawning and dispersal

season (June to August) (Nunobe et al. 2008), it is unlikely that the eDNA method

detected eggs and larvae.

In conclusion, this study quantitatively evaluated fish aggregation around ARs on a

fine spatial scale using video surveys from UDs over a relatively short field time, though

the detection probability of fish using ROVs generally increases with longer observation

time or the number of censuses (Pita et al. 2014). However, the fish counting and

identification procedures in this study took several months. Therefore, automatic fish

recognition based on deep learning should be applied in the future (Meng et al. 2018,

Villon et al. 2018, Li et al. 2022). Quantitative evaluation using video surveys was likely

inferior to eDNA analysis in species detection sensitivity in small-sized, pelagic, and

cryptic fish. Conversely, eDNA metabarcoding could have detected some species by

transporting eDNA from other ARs. Therefore, the video survey was more suitable for

observation of a narrow area around ARs than eDNA analysis because of the effects of
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the current transportation of eDNA. Furthermore, the video survey could obtain the

spatial distribution of low-mobility demersal fishes based on the richness, density, and

information on the growth stages and sexes of fish based on their morphology. Therefore,

this study provides an understanding of the characteristics of both novel methods for the

quantitative assessment of fish assemblages in ARs and shows that the disadvantages of

each method may complement each other to a certain extent.

SEQUENCE DATA

DDBJ accession numbers of the DNA sequences analyzed in this study are

PRJDB16358 (BioProject ID) and DRR500425-DRR500450 (DDBJ Sequence Read

Archive).
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918 Tables

919 Table 1. Selected (minimum Bayesian information criterion) models (= models that included all explanatory variables considered, i.e.,

920 first models) for estimating the spatial distribution of the number of species and densities of total fish and five dominant species in the

921  video surveys

Coefficient

. . )
Response variable Explanatory variable Count model 7 ero-inflation model R
Number of species Intercept 1.448 - 0.471
(GLM with Poisson distribution) AR type: AR2 -0.414 -
Horizontal position: upstream 0.207 -
Horizontal distance (m) -0.214 -
Vertical position: upper -0.266 -
Vertical distance (m) -0.065
Likelihood ratio test (selected model vs null model): Chisq =2127.4, p <0. 001
Density (individual m™)
Total fish Intercept 1.060 -23.618 1.000
(ZINB) AR type: AR2 -1.120 16.641
Horizontal position: upstream 3.033 2.516
Horizontal distance (m) -0.267 0.752
Vertical position: upper 1.102 0.811
Vertical distance (m) -0.054 -0.061
Log (theta) -0.911
Likelihood ratio test (selected model vs null model): Chisq =5731.4, p <O0. 001
Parapristipoma trilineatum Intercept 2.391 -0.777 1.000
(ZINB) AR type: AR2 -0.499 3.999
Horizontal position: upstream 1.038 -5.335
Horizontal distance (m) -0.073 0.758
Vertical position: upper 0.588 -0.505
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Oplegnathus punctatus
(ZINB)

Oplegnathus fasciatus
(ZINB)

Sacura margaritacea
(ZINB)

Microcanthus strigatus
(GLM with negative binomial
distribution)

Vertical distance (m) 0.046 -0.019
Log (theta) -0.393

Likelihood ratio test (selected model vs null model): Chisq=3119.5, p <0. 001
Intercept -1.433 -3.078
AR type: AR2 -0.508 0.338
Horizontal position: upstream 0.604 1.450
Horizontal distance (m) -0.478 -0.399
Vertical position: upper 0.887 1.951
Vertical distance (m) 0.377 0.641
Log (theta) -0.924

Likelihood ratio test (selected model vs null model): Chisq = 905.43, p <0. 001
Intercept -1.088 -6.472
AR type: AR2 -0.895 -0.186
Horizontal position: upstream 0.188 1.986
Horizontal distance (m) 0.034 0.708
Vertical position: upper -0.569 1.399
Vertical distance (m) -0.012 0.182
Likelihood ratio test (selected model vs null model): Chisq = 866.45, p <0.001
Log (theta) 0.414

Intercept -2.394 -1117.09
AR type: AR2 3.748 494.83
Horizontal position: upstream 1.270 508.57
Horizontal distance (m) -1.052 44.49
Vertical position: upper 1.259 403.80
Vertical distance (m) 0.029 57.29
Log (theta) -2.614

Likelihood ratio test (selected model vs null model): Chisq =410.52, p <0. 001
Intercept 0.122 -
AR type: AR2 3.710 -
Horizontal position: upstream -2.271 -
Horizontal distance (m) -0.810 -
Vertical position: upper -0.127 -
Vertical distance (m) -0.261 -
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Likelihood ratio test (selected model vs null model): Chisq = 482.94, p <0.001

AR: artificial reef
GLM: generalized linear model
ZINB: zero-inflated negative binomial model

922

923
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924  Table 2. Selected [minimum Bayesian information criterion (BIC)] and full models for estimating the spatial distribution of the number

925  of species and environmental DNA (eDNA) concentration of total fish and five dominant species in eDNA analysis

Response variable Explanatory Selected model Full model
p variable Coefficient BIC R? Coefficient BIC R?
Number of species Intercept 2.981 100.6 0.884 2.981 100.6 0.884
AR type (AR1) -0.443 -0.443
Direction
(upstream) 0. 457 0. 457
Depth layer
(middle) -0.274 -0. 274

Likelihood ratio test (selected model vs null model): Chisg = 34.45, p < 0.001
eDNA concentration [copies (mL water)?]

Total fish Intercept 3.730 335 0.769 3.754 35.0 0.788
AR type (AR1) - -0.413
Direction
(upstream) -1.265 -1.095
Depth layer
(middle) 1.803 1.900
Likelihood ratio test (selected model vs null model): Chisg = 17.60, p < 0.001
Parapristipoma trilineatum Intercept 0.560 39.6 0.889 0.895 40.6 0.902
AR type (AR1) - -1.260
Direction
(upstream) -1.521 -0.633
Depth layer
(middle) 4.738 4.589
Likelihood ratio test (selected model vs null model): Chisg = 26.41, p < 0.001
Pagrus major Intercept -0.715 52.9 0.450 -0.886 55.2 0.456
AR type (AR1) 2.576 2.490
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926

Spratelloides gracilis

Katsuwonus pelamis

Sacura margaritacea

Direction

(upstream) -2.107 -2.021

Depth layer

(middle) 0.314

Likelihood ratio test (selected model vs null model): Chisq = 7.168 p = 0.028
Intercept -0.249 -0.771 63.5
AR type (AR1) - 1.663

Direction

(upstream) ) -0.508

Depth layer

(middle) 0.250

Likelihood ratio test (selected model vs null model): Chisq =0, p = 1.000

Intercept -1.459 -1.730 56.4
AR type (AR1) 2.188 2.053

Direction

(upstream) -1.969 -1.833

Depth layer

(middle) 0.496

Likelihood ratio test (selected model vs null model): Chisg = 6.732, p = 0.035
Intercept 0.518 0.954 54.3
AR type (AR1) - 0.325

Direction

(upstream) -1.691 -1.955

Depth layer

(middle) -0.836

Likelihood ratio test (selected model vs null model): Chisg =3.471, p = 0.062

0.135

0.550

0.309

57



