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Abstract A combination of traditional fish sampling methods (hand-line and gill net) and modern
hydroacoustic techniques were used to study fish community structure, distribution, and diel movements
of fish on Zhubi Reef to enhance understanding of the ecosystem. We collected 126 individuals from 29
species, 20 genera, 17 families, three orders, and two classes using traditional gear. Perciforms were the
dominant group in terms of species richness and biomass. The acoustic data indicated that very small (target
strength [TS], dB) <-60 dB) and small (-60 dB<TS<-45 dB) fish contributed the most to abundance and
species richness on the coral reef, and that the proportion of medium-sized (-45 dB<TS<-35 dB) and large-
sized (-35 dB<TS) fish increased gradually as depth increased. The single-target detection method revealed
two distinct size classes during the day in the 12—16 and 16-20-m layers. One group consisted of very small-
sized fish (TS<-60 dB) and the other consisted of medium and large-sized fish (TS>-55 dB). The number of
single-target detections was significantly higher during the night than during the day (P<0.05). The single-
target TS frequency distribution during the day was significantly different than during the night at depths of
4-8, 8-12, 12-16, and 16-20 m. Significant differences were observed among the 4-8, 8-12, 12-16, and
16-20-m-depth layers during day and night. Diel vertical movement was evidenced as fish began to spread
and move upward just before sunset and began to assemble and descend shortly (15 min) after sunrise.
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1 INTRODUCTION

Coral reefs are unique ocean ecosystems that
contain abundant fishery resources (Polovina, 1984;
Pandolfi et al., 2003). However, these ecosystems are
fragile and have been significantly affected by human
activities (Nystrom et al., 2000; Pandolfi et al., 2003;
Bellwood et al., 2004; Lan and Chen, 2006; Harris et
al., 2013). The South China Sea is a globally
significant area because of its shallow tropical water
and high biodiversity, and is one of the world’s
primary centers for coral reef diversity (Chen, 1997;
Ng and Tan, 2000; UNEP, 2004; Chen and Li, 2005;

Melbourne-Thomas et al., 2011; Zhao et al., 2012). A
number of studies have documented the distribution
of coral reef fish and other fauna in the South China
Sea with particular emphasis on biodiversity and
community structure.
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Most studies on coral reef fish in the South China
Sea have been conducted using traditional sampling
gear, such as gill nets, hand-lines, or long lines,
because of the delicate physical nature of the reefs (Li
et al., 2003; Sun et al., 2005; Chen et al., 2007; Li et
al., 2007; Wang et al., 2011). However, the use of
traditional survey gear makes it difficult to obtain
accurate information on the spatial distribution and
movement of coral reef fish, and only limited
information on the composition and distribution of
fish resources is available for a number of important
coral reefs in the South China Sea. Acoustic estimates
of fish abundance are convenient and efficient to
survey and quantify the abundance of marine
resources (MacLennan and Simmons, 1992; Simmons
and MacLennan, 2005). Hydroacoustic techniques
are an alternative low-impact method to sample fish;
thus, they are an ideal tool for evaluating the status of
coral reef fishery resources (Mitson et al., 1996; Huse
and Ona, 1996; Gledhill et al., 1996; Mason et al.,
2005; Anderson et al., 2005; Zwolinski et al., 2007;
Koslow, 2009).

The objective of this study was to conduct surveys
of fisheries resources using a combination of acoustic
and traditional methods to investigate spatial and
temporal distributions and movement patterns of
coral reef fish on Zhubi Reef in detail to enhance our
understanding of this ecosystem.

2 MATERIAL AND METHOD

2.1 Survey site

Zhubi Reef is located southwest of the Zhongye
Islands in the Nansha Islands, South China Sea
(Fig.1a). This reef is a closed atoll, approximately
pear-shaped in the NE-SW direction, 5.75 km in
length, 3.25 km in width, and ~16.1 km? in area. The
middle lagoon is ~9.5 km?, and the majority of the
area is ~20 m deep with a maximum depth of 24 m
(Yinetal., 2011).

Temperature and salinity were determined in situ
using a Y SI ProPlus meter (YSI Inc., Yellow Springs,
OH, USA). Mean temperatures (meantstandard
deviation [SD]) of the surface and bottom layers were
29.8240.04 and 29.70+0.06°C, respectively, and
mean salinity values (mean+SD) of the surface and
bottom layers were 33.78+0.12 and 33.74+0.10,
respectively (Yin et al., 2011). Tidal range was 0.38—
1.49 m (Wu et al., 2001). The surrounding habitat
type was scleractinian coral. Sunrise and sunset at the
study location during the study period occurred at

06:02-06:03 and 18:45-18:47, respectively. The
survey line and sampling sites are indicated by solid
lines and square symbols (S1-S3) in Fig.1. SI
(10°55.10'N 114°4.75'E, 21.8 m) and S3 (10°55.90'N
114°5.75'E, 17.8 m) were hand-line sites, and S2
(10°55.50'N 114°5.25'E, 19.7 m) was a gill netting
site. Stationary continuous acoustic samples were
taken at the S3 site. The S1-S3 sites were chosen to
set a sample site in each transect. The difference in
latitude at the three sites was 0.40".

2.2 Acoustic data collection

Acoustic data were collected using a Simrad EK60
scientific echosounder (Kongsberg Maritime Inc.,
Kongsberg, Norway) with 38 and 120-kHz split-beam
transducers mounted on the “NanFeng” survey vessel.
Only the 120-kHz data were used here because of the
shallow depths and small-sized fish. The acoustic
equipment was calibrated before the cruise using the
standard procedure described in the Simrad ER60
reference manual (Foote et al., 1987; Simrad, 2008).
Detailed echosounder settings are given in Table 1.
Two types of acoustic surveys (transects and stationary)
were conducted on Zhubi Reef. The transect survey
was designed to systematically sample the entire reef
system to estimate fish abundance and spatial
distribution in the system. The transect tracks shown
in Fig.1b were sampled at four different time periods
of 07:00-10:00, 13:00-16:00, 18:00-21:00, and
21:00-24:00 on June 21, 2013. The stationary acoustic
survey was designed to study temporal and vertical
distributions and movement of fish. The acoustic data
were collected continuously from 00:00 on June 22 to
24:00 on June 23, 2013 at the S3 site shown in Fig.1b.
We did not collect acoustic data concurrently with
biological data during the transect survey; however,
we collected acoustic data concurrently with biological
data during the stationary survey.

2.3 Collection and analysis of the biological data

Biological samples were collected by hand-line
and gill net from a motor lifeboat with a compression
ignition internal combustion engine. The power and
speed of the engine were 14.7 kW and 1 500 r/min,
respectively. The length and width of the boat were
7.85 and 1.50 m, respectively. Hand-lining was
conducted at the S1 site during 07:00-22:00 on June
21 and at the S3 site during 07:00-22:00 on June 23,
2013. Gill netting was conducted at the S2 site during
12:00-17:00 on June 23, 2013. The specifications of
the hand-line and bottom gill net are given in Table 2.
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Fig.1 Location of Zhubi Reef

Inset: close-up of Zhubi Reef (a), and survey line and sampling sites (b).

Table 1 Simrad EK60 echosounder (V2.2.0) settings

Table 2 Hand-line and bottom gill net specifications

Parameters Settings Unit
Transducer frequency 120 kHz
Max power 500 w
Pulse duration 1.024 ms
Transducer gain 27.00 dB
Alongship 3 dB beam width 7.00 degree
Athwartship 3 dB beam width 7.00 degree
Absorption coefficient 0.045 dB/m
Sound speed 1535.0 m/s
Equivalent beam angle -21.00 dB

The gill nets were fished by linking three nets in a
row. We recorded fish species, number (inds.), body
length (mm), and wet body mass (g) using a lever
scale. Each species was dissected on-board to obtain
information on swim bladder type and size to
understand the acoustic backscattering characteristics
of the fish sampled. Fish swim bladders are inflated at
the surface (expanded to twice the volume) compared
with their volume at a depth of 10 m (Foote, 1980;
Simmonds and MacLennan, 2005; Zhao et al., 2006).

2.4 Acoustic data analysis

Acoustic data were analyzed using Echoview 4.9
(Myriax Software Pty Ltd, Battery Point, TAS,
Australia). Depth of analysis was from 4 m below the
transducer to 0.5 m above the seabed, and maximum
depth was 20 m. Volume backscattering strength (S,)
threshold and target strength (TS) threshold were

Line Line Hook size Working # of
diameter ~ material depth lines
Handline
30x12
0.33 (mm) Nylon (mm) 10-20 (m) 4
Net length  Net height Mesh size “g)rkllrll € #ofsets
Gillnet ept
40 (m) 5 (m) 62 (mm)  10-15 (m) 3

-80 dB and -72.5 dB, respectively. Echo integration,
TS, and single-target detection analyses were
performed on the acoustic data collected during the
transect and stationary surveys.

Each transect was divided into 200-m segments
and analyzed in 4-m-depth layers. Temporal and
vertical distributions of single-target detections and
the entire 24-h periodic variation in S, were studied
based on the stationary acoustic data collected at the
S3 site. The nonparametric Kolmogorov-Smirnov Z
and Kruskal-Wallis tests were used to determine
significant differences in the TS distribution among
the different time periods and depths, and the
nonparametric Wilcoxon test was used to determine
significant differences in the S, distribution among the
different depths (Lu, 2010).

Crescent-shaped or wavy-shaped (from crescent
plus platform movement) groups of samples or target
samples that looked like fish tracks were used as clues
to identify the presence of single targets (Higginbottom
et al.,, 2008). The single-target detection echogram
was used to extract and analyze single targets. The TS
vs. depth distribution and the TS frequency
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Table 3 Parameter settings for single-target detection using
the Echoview system

Parameters Parameter settings

Single target detection method Split beam—method 2

TS threshold (dB) -72.5.00

Pulse length determination level (dB) 6.00

Min normalized pulse length 0.5

Max normalized pulse length 1.0
Beam compensation model Simrad LOBE

Max beam compensation (dB) 6.00

Minor-axis angles (degrees) 0.60

Major-axis angles (degrees) 0.60

Table 4 Estimated fish body length based on the formula:
TS=20lgl+b,,

TS (dB) <70 -65 -60 -55 -50 -45 -40 -35 -30

Estimated lo-ms 13 24 42 75 133237 422 75 1334

Hem) ;v 08 14 25 45 79 141 25.1 447 794

distributions at different depths and time periods were
analyzed using the target detection function in
Echoview software (Table 3). We used TS as an
indicator of fish length (Foote, 1987; Rudstam et al.,
2003). The estimated corresponding body length (/,
cm) of fish for a given TS was based on the formula:
TS=20lg/+b,, and specific b,, shown in Table 4
(Simmonds and MacLennan, 2005). A dissection
indicated that the majority of fish had a swim bladder
and that most were physoclistous. Consequently, the
b,y value is <-72.5 dB for most fish on Zhubi Reef
(Simmonds and MacLennan, 2005). Thus, fish with
TS values<-60, -60 dB<TS<-45dB, -45dB<TS<
-35 dB, and -35 dB<TS were classified as very small-,
small-, medium-, large-sized, and very large fish,
respectively.

Fish density, p (inds./m?), was calculated using echo
counting and echo integration methods. Fish that are
well separated from one another can be detected using
echoes from individual fish, and the echo count can be
used to determine fish density within the acoustic beam
(Trout et al., 1952; Midttun and Setersdal, 1957). The
number of insonified fish, the sampled volume of fish,
and the p formula from the echo counting method are
needed for this purpose (Simmonds and MacLennan,
2005; Higginbottom et al., 2008):

p=NIV, @)

where ¥ is beam scanning volume in m?, and N is the

number of single targets detected in water volume (V)
computed by Echoview software.

The principle of echo integration is to quantify the
intensity of fish school echoes using an echo integrator,
to estimate the number of fish by dividing echo
strength by TS of a single-target fish species, and use
the p formula (Simmonds and MacLennan, 2005;
Higginbottom et al., 2008):

NASC / (4nc
T @)
1852°H
where
o= ((%contribution/ 100)10™") , 3)
i=1
TS=20logl+b, ., W

where NASC is the nautical area scattering coefficient
in m¥nmi%, & is the mean backscattering cross-
section in m?, 1 852% is the conversion coefficient
between nmi? and m?, H is the mean water depth in m,
n is the total species estimated, TS; is the target
strength of the ith species estimated in dB,
%contribution/100 is the number percentage of ith
species estimated, /, is the mean body length of the
ith species estimated in cm, and b, ; is reduced TS in
dB. The b,, value for fish in this study was generally
between -72.5 and -68.0 dB (Zhao et al., 2003; Chen
etal., 2012; Zhang et al., 2013).

Data entry and statistical analyses were performed
using Microsoft Excel 2010 (Microsoft, Inc.,
Redmond, WA, USA) and SPSS 16.0 software (SPSS
Inc., Chicago, IL, USA), respectively.

3 RESULT
3.1 Species composition

Actotal of 126 individual (total wet weight, 9.71 kg)
fish were captured, belonging to 29 species, 20 genera,
17 families, three orders, and two classes. Perciforms
were represented by 15 families and 18 genera,
Beryciformes by one family and one genus, and
Aulopiformes by one family and one genus. The most
abundant species (% of total catch) were Pentapodus
caninus  (29.4%),  Gnathodentex  aurolineatus
(23.0%), Apogon taeniatus (10.3%), Lutjanus kasmira
(4.8%), and Pristicon rhodopterus  (4.8%),
respectively. The species contributing most to biomass
(% of total biomass) were G. aurolineatus (29.5%), P.
caninus (25.9%), L. kasmira (10.1%), Lutjanus
erythropterus (5.6%), and Oxycheilinus digramma
(5.6%). The detailed composition of the catches is
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Table 5 Species composition of coral reef fish captured on Zhubi Reef, South China Sea on June 21-23, 2013
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BL (mm) Weight (g)
Species Number Order Family Sampling location
SD Mean SD Mean
Pentapodus caninus 37 Perciformes Nemipteridae S1, S2 25 147 38 78
Gnathodentex aurolineatus 29 Perciformes Lethrinidae S1,S2 14 146 24 87
Apogon taeniatus 13 Perciformes Apogonidae S1,S2,S3 5 84 5 28
Lutjanus kasmira 6 Perciformes Lutjanidae S1,S2 8 174 26 163
Pristicon rhodopterus 6 Perciformes Apogonidae S1,S2,S3 3 89 7 22
Scarus longiceps 3 Perciformes Scaridae S1, S2 17 163 47 143
Cephalopholis urodeta 2 Perciformes Serranidae S1, 82 1 128 1 51
Epinephelus merra 2 Perciformes Serranidae S1 17 119 22 42
Lutjanus erythropterus 2 Perciformes Lutjanidae S1 51 204 163 270
Oxycheilinus digramma 2 Perciformes Labridae S2 29 205 120 270
Oxycheilinus orientalis 2 Perciformes Labridae S1,S3 44 93 42 53
Parupeneus multifasciatus 2 Perciformes Mullidae S1 18 178 22 123
Parupeneus pleurostigma 2 Perciformes Mullidae S2 47 129 27 77
Parupeneus trifasciatus 2 Perciformes Mullidae S2 20 151 21 72
Stegastes lividus 2 Perciformes Embiotocidae S2 5 84 4 30
Abudefduf leucogaster 1 Perciformes Pomacentridae S3 - 86 - 15
Amblyglyphidodon curacao 1 Perciformes Pomacentridae S2 - 96 - 26
Carangoides ferdau 1 Perciformes Carangidae S2 - 178 - 161
Cheilinus fasciatus 1 Perciformes Labridae S1 - 127 - 39
Monotaxis grandoculis 1 Perciformes Lethrinidae S1 - 145 - 85
Oxycheilinus celebicus 1 Perciformes Labridae S1 - 127 - 39
Plesiops coeruleolineatus 1 Perciformes Plesiopidae S2 - 181 - 28
Pomacentrus coelestis 1 Perciformes Embiotocidae S2 - 96 - 32
pomacentrus perspteillatus 1 Perciformes Pomacentridae S2 - 112 - 26
Scarus sordidus 1 Perciformes Scaridae S2 - 164 - 110
Salarias fasciatus 1 Perciformes Blenniidae S2 - 129 - 80
Siganus argenteus 1 Perciformes Siganidae S2 - 112 - 42
Saurida undosquamis 1 Aulopiformes Synodontidae S1 - 111 - 17
Sargocentron tiere 1 Beryciformes Holocentridae S1 - 121 - 53
SD: standard deviation.
14 given in Table 5. The body length (BL) distribution of
12 4 T the catches was represented by two size groups
M (Fig.2). The smaller group was 62-105 mm
S 10 B (mean+SD, 91+9 mm) and mostly comprised
E 81 Pomacentrus and Apogon. The larger group was 106—
g 6 240 mm (meantSD, 150425 mm) and mostly
g . comprised Gnathodentex, Pentapodus, and Lutjanus.
Sampling effort and the number of fish captured at the
2 H different sites are given in Table 6.
o401 . . 1 |_| o
50 100 150 200 250 3.2 Temporal and vertical distributions of the
Body length (mm) single-target detections

Fig.2 Body length distribution of fish caught on Zhubi Reef

The distributions of the single-target detections are
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Fig.3 Target strength (TS) vs. depth graph for single fish distributed at different times
a: 18:00-24:00; b: 24:00-06:00; c: 06:00—-12:00; d: 12:00-18:00. n: number of single fish distributed during the different time periods from 18:00 on June

22 to 18:00 on June 23, 2013.

Table 6 Sampling effort and number of fish captured

Handline S1 Handline S3 Gillnet S2

Sampling effort 4 of line 6 hours 4 of'line 6 hours 3 of sets 6 hours
Number of catch 47 54 25

presented as a function of TS and depth during the
four time periods (Fig.3). In general, the proportions
of medium-sized and large-sized fish increased
gradually as depth increased. The number of single-
target detections was significantly higher at night
(11 006 and 10 343) than during the day (5 749 and
4907) (t-test, P=0.012). The distribution patterns also
differed between night and day. Two distinct target
detection clusters were observed during the day
(Fig.3c, d); one group consisted of very small fish

(TS<-60 dB) distributed above a depth of 17 m and
the other consisted of small, medium, and large-sized
fish (TS>-55 dB) primarily below a 10-m depth. The
very small fish distributed at 10—18 m migrated up
during the night, and many small targets (-60 dB<
TS<-50 dB), which were nearly nonexistent during
the day, appeared above 10 m to form a large target
detection cluster (Fig.3a, b).

The single-target TS frequency distributions during
the day and night (Fig.4 and Table 7) were further
analyzed in the different layers (4-8, 8-12, 12-16,
and 16-20 m). The proportions of single targets in the
different layers during the day were 12.2%, 32.8%,
38.7%, and 16.3%, respectively, whereas the
proportions at night were 21.2%, 33.7%, 32.4%, and
12.7%, respectively (Fig.4). The TS distributions for
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Fig.4 Target strength (TS) frequency distribution for single fish in the different depth layers during the day and night

n: number of single fish distributed during the different time periods from 18:00 on June 22 to 18:00 on June 23, 2013.

Table 7 Number and proportion of single targets distributed
in the different depth layers during the day and

night
Depth (m) Day (%) Night (%)
4-8 1297 (12.2) 4521(21.2)
8-12 3500 (32.8) 7199 (33.7)
12-16 4122 (38.7) 6920 (32.4)
16-20 1737 (16.3) 2709 (12.7)
Total 10 656 21 349

all layers at night were unimodal, whereas the TS
distributions for the 12—16-m (modes A and B in
Fig.3¢) and 16-20-m layers (modes C and D in
Fig.3d) were bi-modal during the day, reflecting the
separation between the two size groups. The single-
target TS frequency distributions during the day were
significantly different from those at night for the 4-8-m
(P<0.01), 8-12-m (P<0.01), 12-16-m (P<0.01), and

16-20-m layers (P<0.01). Significant differences
existed among the 4-8, 8-12, 12-16, and 16-20-m
layers during the day (£<0.01) and night (P<0.01).

The proportions of very small, small, medium-,
large, and very large-sized fish were 79.7%, 17.6%,
2.6%, and 0.1% during the day after aggregating TS
into four size classes in the entire water column,
whereas these values were 61.4%, 36.8%, 1.7%, and
0.1%, respectively, at night. Very small and small-
sized fish accounted for >95% of abundance.

3.3 Echo integration and volume backscattering
strength (S,)

Diel vertical movements of fish were observed on
echograms recorded continuously at the stationary
sites. Fish began to spread and move upward between
18:10 and 18:40, just before sunset (Fig.5). The fish
assembled before descending at 06:20, about 15 min
after sunrise, and completed their descent by 07:00.
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Fig.5 Echogram showing representative fish spreading movements at night

The green curves at the bottom and top are the analytical terminal and starting lines, respectively, and the region between the two lines was analyzed. Acoustic
data were collected at the S3 site. a and b are the echograms during fish spreading and after spreading, respectively.
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Fig.6 The 24-h periodic variation in volume backscattering
strength (S,) based on depth

Acoustic data were collected at the S3 site on June 23, 2013.

S, 1s an indicator of relative biomass density of the
water column sampled using an acoustic instrument.
The S, values were outputted from FEchoview
software, aggregated, and averaged by time period
and depth layer to show the temporal and vertical
patterns of relative biomass density. The stationary
survey data indicated that mean S, increased as depth
increased for any time of day (Fig.6 and Table 8). The
Wilcoxon test indicated that the difference in the S,
distribution between 4-8 and 8-12-m-depth layers
was not significant (P=0.42), but significant
differences were observed in the S, distributions
among the other depth layers (Table 9). Mean S,
varied more with time and depth (4-8, 8-12, 12-16,
and 16-20 m) during the night (3.6, 2.7, 1.5, and
3.9 dB, respectively) than during the day.

The transect survey revealed large temporal and

Table 8 Descriptive statistics of the volume backscattering
strength (S,) values based on depth from the
stationary survey shown in Fig.6

Percentile
Depth (m) n Mean SD Minimum Maximum
25 50 75

4-8 24 -722 34 -7848 -66.10  -74.8 -72.7 -68.9
812 24 -71.8 39 -7883 -65.28 752 -71.5 -68.1
12-16 24 -702 4.1 -80.16 -63.59 729 -69.9 -66.2
1620 24 -673 3.8 -78.68 -59.13  -69.8 -66.8 -64.8

Table 9 Wilcoxon test statistics of the volume backscattering
strength (S,) values for the different depth layers
from the stationary survey shown in Fig.6

Depth 4-8v. 4-8v. 4-8v. 812v. 8-12v. 12-16w.

layer (m)  8-12 12-16 1620 12-16 16-20 16-20

Pvalue 0.42>0.05 <0.01 <0.01 <0.01 <0.01 <0.01

spatial heterogeneity in the S, distributions (Fig.7).
Spatial variation (SV) of §, at 07:00-10:00 and
13:00-16:00 (day) was much greater (1.8 and 1.6 dB,
respectively) than at 18:00-21:00 and 21:00-24:00
(night), but mean S, at night was much greater
(2.1 dB) than during the day (z-test, P<0.01).

3.4 Transect fish size (TS)

The spatial distributions of the “average TS” values
from the transect survey indicated temporal and
spatial heterogeneity (Fig.8). The “mean (£SD)”
values of the “average TS” during 07:00-10:00,
13:00-16:00, 18:00-21:00, and 21:00-24:00 were
-60.71+4.80,  -54.72+7.40, -58.85+4.88, and
-54.9043.0, respectively. The differences in the
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Acoustic data were collected on June 21. The analysis block was defined as a distance of 200 m to calculate mean S..
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Fig.8 “Average target strength (TS) (dB)” of the single-target detections along the transects at different survey times

Acoustic data were collected on June 21. The analysis block was defined as 200 m to calculate “average TS”.

“average TS” distributions from the transect survey
data were not significant for 07:00-10:00 wvs.
13:00—16:00 (P=0.107),07:00—10:00vs. 18:00—21:00
(P=0.118) and 13:00—16:00 vs. 18:00—21:00
(P=0.909) (Wilcoxon test), but the differences were
significant for 13:00—16:00 vs. 21:00—24:00 (P<0.01),
13:00-16:00 vs. 21:00-24:00 (P<0.05), and
18:00—21:00 vs. 21:00—24:00 (P<0.01).

3.5 Transect fish density

Fish densities (mean+SD) obtained using the echo
counting method were significantly different (one-way
analysis of variance [ANOVA], P<0.01) between day
(07:00-10:00 and 13:00-16:00: 0.017+0.002 and
0.018+0.003 inds./m?, respectively) and night (18:00—
21:00 and 21:00-24:00: 0.032+0.009 and 0.032+
0.006 inds./m*) (Fig.9). Similarly, fish densities
obtained using the echo integration method at 07:00—
10:00 and 13:00-16:00 were 0.012+0.004 and
0.016+£0.007 inds./m3,  respectively, and were
0.028+0.008 and 0.031+ 0.012 inds./m* at 18:00—
21:00 and 21:00-24:00, respectively (Fig.10). The day
and night fish densities were significantly different
(one-way ANOVA, P<0.01). The difference in the fish

density distributions estimated using the echo counting
and echo integration methods from the transect survey
data at 07:00-10:00 was significant (z-test, P=0.000),
but the differences at 13:00-16:00 (P=0.155), 18:00—
21:00 (P=0.053), and 21:00-24:00 were not significant
(P=0.894).

4 DISCUSSION

This study used a combination of acoustic and
traditional sampling methods to add valuable
information on community structure, abundance, size,
and spatial and temporal distributions of coral reef fish
in the South China Sea. Despite the large number of
studies in this region, little is known about the fish
community on Zhubi Reef. Prior to the present study,
only Li et al. (2003) had carried out two survey cruises
in the waters around Zhubi Reef in April 1998 and
May 1999 using gill nets and hand-lines. No fish
samples were obtained on the first cruise. Hand-line
fishing (working depth: 10-20 m) and two gill net sets
(duration: 2 h, working depth: 2—20 m) were conducted
for 3 h during the day of cruise No. 2. In total, 76 fish
were captured (total weight, 6.8 kg), Epinephelus
merras was the most abundant species (85.5%) in their
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Fig.10 Fish density distributions at different survey times using the echo integration method

survey, and all fish were captured by hand-line. In our
study, the most abundant species was P. caninus
(29.4%, Table 6), which were collected mostly by
hand-line. Fish composition and species diversity in
our survey were much higher than those of Li et al.
(2003), which may have been due to differences in
sampling intensity, time frame, and surveying date.

Another study (Chen et al., 2007) on an adjacent
reef suggested that Lutjanidae was the most common
family, followed by Carangidae and Acanthuridae. In
contrast, our results suggest that Pomacentridae was
dominant on Zhubi Reef (six species) followed by
Labridae (four species), and Lutjanidae and Mullidae
(two species each). Thus, species composition and
community structure appeared to differ even among
adjacent coral reef ecosystems, which might partially
explain why the South China Sea is one of the world’s
biodiversity centers. However, many factors, such as
sampling, tide, and bottom substrate structure, can
affect these differences (Sale and Dybdahl, 1978; Sale
and Douglas, 1984; Wu et al., 2001; Chen et al., 2007,
Shi et al., 2009).

Our results indicate that fish primarily occupied the
benthic region of the Zhubi Reef water column during
the day and moved to the mid and upper regions at
night. Furthermore, mean fish density during the night
was about twice that during the day. Why fish were far
more abundant at night than during the day is an

interesting phenomenon. Zhubi Reef is located far
from the mainland and experiences little change in
temperature or salinity; hence, these factors do not
explain the changes in fish spatial distribution. The
nearest reef is the Zhongye Islands about 15 km away;
thus, it is impossible to immigrate or emigrate
between them. Therefore, there must be some other
reason for the discrepancies in fish density between
day and night. Here, we offer three possible reasons.
First, fish may occupy different habitats (reef flat, reef
slope, or lagoon) during the day than at night (Luo et
al., 2009). Second, the fish are near the bottom during
the day, hiding among the coral, and come out to feed
at night (Allen and Erdmann, 2012). Third, fish form
schools during the day, and schools can avoid the
survey vessel by detecting shadows and noise from
the vessel (MacLennan and Simmonds, 1992).

In reality, it is most likely a combination of these
three explanations and different behaviors, such as
feeding, spawning, and predator avoidance, that
contributed to the difference. Fish residing in waters
around the coral reef could come into the reef region
for feeding at night and then leave during the day. Yin
et al. (2011) reported that zooplankton species
richness and mean abundance on Zhubi Reef are 4.6
and 46.2 times higher, respectively, during the night
than during the day. Considering that many fish
species in the coral reef community are planktivores
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(Heidelberg et al., 2004), and that spatial distribution
and diel vertical movement of fish and zooplankton
on Zhubi Reef are consistent, the distribution and
movement of fish could be associated with their
feeding behavior. Further detailed studies on coral
reef fish movement, distribution, and behavior using
underwater cameras (Luo et al., 2009) and acoustic
tags (Bolden, 2000) are needed.

Our study was conducted over 2 consecutive days
and encompassed the complete tidal cycle (low and
high tides) that occurred during day and night. We did
not find any changes in fish spatial distribution,
pattern of downward movement during the day, or
upward movement at night related to tidal phase,
suggesting that daily tidal changes do not affect the
spatial distribution or diel vertical movement of fish
on Zhubi Reef. However, as our study was conducted
only near the full moon (June 23), we were unable to
address whether differences in movement, distribution,
or behavior of Zhubi Reef fish are related to the lunar
phase, as most reef fish spawn during the full or new
moon phase (Sale, 1980).

Our acoustic data indicate that very small fish were
the largest group on Zhubi Reef. However, we were
unable to physically sample these fish because of gear
limitations, but large numbers of ~5 cm (total length)
individuals were observed based on acoustic TS. The
distributions of the numbers of very small, small-
sized, medium, large-sized, and very large fish
resembled a pyramid, with the smaller species at the
base. The very small and small-sized fish contributed
significantly to abundance and species richness on
this coral reef.

Our findings are similar to those reported by Fabi
and Sala (2002). They assessed biomass and diel
activity of fish inhabiting the Senigallia artificial reef
using a stationary hydroacoustic system with two
bottom-mounted and up-looking and one mid-water
side-looking Simrad EYS500 transducer. They
concluded that the lowest densities were generally
recorded in the early afternoon and that the highest
abundances were commonly observed late at night
and early in the morning; moreover, the fish
assemblage did not appear to be homogeneously
distributed inside the reef.

Dual-beam and split-beam systems are designed to
detect individual fish far enough from neighbors to
avoid overlapping echoes (Foote, 1996). The
overlapping echoes of two fish may be falsely detected
as a single target when the echo counting method is
used, which may result in a lower fish density than the
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actual value and could be a significant source of error
(Soule et al., 1997). The calculated fish density can be
less than the actual value when using the echo
integration method because of under-sampling of
small fish (MacLennan and Simmons, 1992). These
errors may cause discrepancies between fish density
values estimated using the echo integration and echo
counting methods (Simmons and MacLennan, 2005).

Sale et al. (1978) reported that species on isolated
coral heads at lagoon and reef slope sites discriminate
among different types of habitats but to different
degrees at different sites. Li et al. (2003) found that
both catch rate and catch per unit effort (CPUE) by
gill netting coral reef fish on a reef flat are higher than
those observed in shallow and deep areas of the reef
margin in the center and north waters of the Nansha
Islands. Sun et al. (2005) reported that catch rate and
CPUE of bottom gill netting for coral reef fish on the
reef slope are 1.43 and 0.82 times that in the reef
lagoon at the Zhongsha Islands. The relationship
between coral reef status and fish distribution may be
important, particularly in different reef zones, such as
the slope and lagoon. Hydroacoustic methods are
very helpful to investigate differences in fish
distributions in different reef zones. Unfortunately,
we only carried out the acoustic survey in the lagoon.
In the future, we will design new and detailed
hydroacoustic surveys to investigate the relationships
between coral reef status and fish distributions on the
slope and lagoon of the coral reef.

5 CONCLUSION

The combination of traditional fish sampling
methods (hand-line and gill net) with modern
hydroacoustic techniques helped us investigate fish
community structure, distribution, and diel movements
on Zhubi Reef. We collected 126 individuals belonging
to 29 species, 20 genera, 17 families, three orders, and
two classes using traditional gear. Perciforms were the
dominant group in terms of species richness and
biomass. The acoustic data indicated that very small
and small fish contributed substantially to abundance
and species richness on the coral reef, and that the
proportions of medium-sized and large-sized fish
increased gradually as depth increased, whereas very
large fish (>-35 dB) were distributed entirely below 15
m. The single-target detection method revealed two
distinct size classes in the 12—-16 and 16-20-m-depth
layers during the day; one group was very small-sized
fish (TS<60 dB), and the other consisted of medium
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and large-sized fish (TS >-55 dB). The TS distributions
in the different depth layers were unimodal at night.
Diel vertical movement of fish was evidenced as
spread and upward movement just before sunset, and
they assembled and descended shortly (15 min) after
sunrise. Data collected using the echo integration
method indicated that mean S, increased as depth
increased, and that mean S, at night was much greater
than that during the day. Data collected using the echo
counting method revealed mean densities of 0.012,
0.016, 0.028, and 0.031 inds./m? for the 07:00—10:00,
13:00—16:00, 18:00—21:00, and 21:00—24:00 time
periods, respectively, and the data collected using the
echo integration method produced similar densities of
0.017, 0.018, 0.032, and 0.032 inds./m? for the same
time periods.
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